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MICROBIAL TRANSFORMATION OF MOLECULAR HYDROGEN 
IN MARINE SEDIMENTS, WITH PARTICULAR 
REFERENCE TO PETROLEUM! 


CLAUDE E. ZOBELL? 
La Jolla, California 


ABSTRACT 


Molecular hydrogen is produced by a large number of bacterial species, many of which occur 
in marine sediments. Such bacteria have been demonstrated in marine bottom deposits, oil-bearing 
sands, and in reservoir fluids from oil wells. Up to 10,000 hydrogen-producing bacteria were found per 
gram of mud from the floor of the Pacific Ocean. Pure or enrichment cultures of such bacteria have 
been shown to liberate hydrogen from organic compounds at temperatures ranging from near 0° C. 
to as high as 65° C. Hydrogen is liberated from virtually all kinds of organic compounds, and most 
readily from carbohydrates or polyhydroxy alcohols. Redox potentials more reducing than Ep —o.05 
volt and reactions ranging from pH 5.5 to 9.8 favor hydrogen formation. It is possible to demonstrate 
the production of hydrogen in samples of marine mud by inhibiting the activities of hydrogen-oxidiz- 
ing bacteria. The latter are believed to account for the general exiguity or lack of molecular hydrogen 
in marsh gas and other natural gases, although traces of hydrogen have been reported in such gases. 

The rapid consumption of hydrogen by samples of soil and sediments is attributed to the activi- 
ties of bacteria or their enzymes which catalyze its oxidation. Listed are several species of autotrophic 
aerobes which oxidize hydrogen to water. Of greater geological importance are various kinds of 
anaerobes which oxidize hydrogen with the formation of methane, simple organic acids, ammonia, 
and hydrogen sulphide. Evidence is presented that bacteria produce methane by catalyzing the re- 
duction of carbon dioxide or other one-carbon-atom compounds with hydrogen. Other types of bac- 
teria catalyze the reduction of carbon dioxide by hydrogen with the formation of formic, acetic, and 
possibly other carboxylic acids. Amino acids and other organic compounds are also reduced by hy- 
drogen-activating bacteria. Certain bacteria found in sediments utilize energy from the oxidation of 
molecular hydrogen for the reduction of sulphate. Others reduce nitrate and nitrite. 

The hypothesis is advanced that various kinds of hydrogen-oxidizing bacteria, in conjunction 
with radioactivity and other catalytic agents in sediments, may contribute to the formation of petro- 
leum hydrocarbons. Different sources of hydrogen and the energetics of some hypothetical reactions 
are considered. 


1 Contribution from the Scripps Institution of Oceanography, New Series No. 334. This paper 
is a contribution from American Petroleum Institute Research Project 43A. Manuscript received, 
June 23, 1947. 


2 Scripps Institution of Oceanography, University of California. The writer acknowledges the 
constructive criticisms and suggestions of W. D. Rosenfeld, W. E. Hanson, B. Hubbard, and Clark 
Goodman. The technical assistance of W. E. Hutton, G. D. Novelli, Josephine B. Senn, D. M. Upde- 
graff, Helen H. Whelply, and Jean S. ZoBell is also acknowledged. Thanks are also due to members 
of the A.P.I. advisory and reviewing committees who have contributed to the preparation of this 
paper in various ways. 


1709 


\ 


1710 CLAUDE E. ZOBELL 


INTRODUCTION 


It has been known for some time that there are species of bacteria which pro- 
duce and others which utilize molecular hydrogen. Bacteria and allied micro- 
érganisms which are able to produce free hydrogen from a large variety of organic 
substances appear to be rather widely distributed in nature. Also widespread in 
occurrence are microbial species which activate the combination of molecular 
hydrogen with various organic and inorganic compounds. The activities of such 
organisms may help to account for the presence or absence of free hydrogen in 
source sediments of petroleum, they may contribute to the hydrogenation of 
organic matter, and they may play an important role in the origin of oil. Evidence 
for these pretensions is summarized on the following pages. 


EARLY OBSERVATIONS ON HYDROGEN FORMATION 


Historical—The ability of bacteria to produce free hydrogen during the 
fermentation of organic compounds is well documented, dating from 1875 when 
Popoff (133) reported that mixed cultures from pond mud liberated hydrogen 
from calcium formate and cellulosic materials. A year later Fitz (51) demon- 
strated the production of hydrogen from the fermentation of glycerol. At nearly 
the same time, Hoppe-Seyler (83) showed that hydrogen resulted from the fer- 
mentation of calcium formate: 


Ca(COOH)2 + = CaCO; + CO2 + 


He observed that, while methane and carbon dioxide were the principal products 
resulting from the fermentation of cellulose by mixed cultures, hydrogen was 
sometimes liberated, particularly in the early stages of fermentation (84, 85). 

Tappeiner (163) was undecided as to whether observed differences in propor- 
tions of hydrogen and methane in gases evolved from fermenting cellulose were 
due to differences in the bacterial flora or to differences in experimental condi- 
tions, although it is now known that molecular hydrogen may be converted into 
methane. In 1883 Tappeiner (164) observed the production of varying propor- 
tions of hydrogen, methane, and carbon dioxide from the anaerobic decomposi- 
tion of vegetable material inoculated with the intestinal contents of an ox. 

Early workers observed that, whereas the gaseous products of fermentation by 
mixed cultures generally contained variable mixtures of methane and hydrogen, 
pure cultures produced either methane or hydrogen but not both gases. Pure cul- 
tures of two anaerobes, Bacillus polymyxa and Vibrio rugola, were found by 
Prazmowski (136) to ferment cellulose with the formation of hydrogen and 
carbon dioxide. In 1877 van Tieghem (175) noted the fermentation of cellulose by 
Bacillus amylobacter with the formation of hydrogen, carbon dioxide, and organic 
acids but no methane. In 1895 Duclaux (43) reported the formation of hydrogen 
by pure cultures of Amylobacter butylicus fermenting lactic acid, lactose, sucrose, 
starch, mannitol, and glycerol. He also observed the production of hydrogen by 
Amylobacter ethylicus. 
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The production of hydrogen and carbon dioxide in equimolar proportions by 
pure cultures of Bacillus ethaceticus was observed in 1891 by Frankland and co- 
workers to result from the fermentation of calcium glycerate (53), mannitol and 
dulcitol (54), dextrose (55), and arabinose (56), leading these workers to deduce 
that the gases resulted from the decomposition of formic acid, a by-product of 


fermentation: 
HCOOH = CO. + Hs. 


Recent observations summarized by Stephenson (156) have established that 
formic acid is a common by-product resulting from the fermentation of a large 
variety of organic compounds and that an enzyme, hydrogenlyase, splits formic 
acid with the formation of carbon dioxide and hydrogen. Hydrogen is also pro- 
duced by other mechanisms. 

In 1897 Omelianski (121) showed that hydrogen-producing and methane- 
producing bacteria are often closely associated in cellulosic materials undergoing 
fermentation in nature. By heating mixed cultures in the early stages of develop- 
ment to 75°C. for 15 minutes, a treatment which killed the vegetative cells of 
the methane producer without injuring the more slowly developing spores of the 
hydrogen producer, Omelianski (122) obtained from river mud, soil, and horse 
dung cultures of Bacillus fossicularum which produced hydrogen but no methane 
from cellulose. He gave the following balance sheet for the fermentation of cel- 
lulose by Bacillus fossicularum: 


Grams Grams 

Cellulose added 3-4743 Hydrogen produced 0.1038 
Cellulose left 0.1272 Unidentified products 0.1300 
Carbon dioxide 0.9722 

Cellulose fermented 3.3471 Fatty acids produced 2.1402 
Total 3-3471 


The fatty acids consisted mostly of acetic and butyric acids with lesser amounts 
of valeric acid. 

Review of literature on hydrogen producers.—Bacteria which produce hydrogen 
during the fermentation of fatty acids, sugars, starches, cellulose, pectin, peptone, 
amino acids, or other organic compounds have been demonstrated in river or pond 
mud (37, 78, 84, 85, 133, 160), lake mud (3, 36, 44, 162), marine mud (21, 30, 129, 
143), soil (1, 9, 122, 171, 179), swamps (36, 72, 150), dead leaves (111), horse 
manure (78, 137), human feces (96), septic tanks (52, 138), sewage sludge (7, 29, 
114, 166), retting flax (161), oil sands (62), and elsewhere in nature (29, 171). 

Several bacterial species, which have been shown to be able to produce molec- 
ular hydrogen from a variety of organic compounds, are listed in Table I. The 
tabulation is by no means complete. Many bacterial species besides those listed 
in Table I are known to produce hydrogen (143). No one has ever made an ex- 
haustive study of the ability of bacteria to produce hydrogen. This listing should 
suffice, however, to indicate that such ability is fairly common among anaerobic 
bacteria. 
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TABLE I 


Some MicroORGANISMS WHICH HAvE BEEN REPORTED IN LITERATURE TO 
PropUCE MOLECULAR HyDROGEN FROM VARIOUS SUBSTRATES 


Name of Organism* 


Substrate from Which Hydrogen Was Liberated 


Aerobacter aerogenes 
Aerobacter cloacae 
Aerobacter indologenes 
Bacillus acetoethylicus 
Bacillus polymyxa 
Clostridium acetobutylicum 


Clostridium butylicum 


Clostridium butyricum 


Clostridium botulinum 


Clostridium hydrogenicus 
Clostridium celluloslytique 
Clostridium cellulosolvens 
Clostridium dissolvens 
Clostridium fossicularum 
Clostridium oedematis-maligni 


Clostridium sporogenes 


Clostridium tetani 
Clostridium tetanomor phum 


Clostridium thermosaccharolyticum 
Clostridium welchit 

Clostridium werni 

Escherichia coli 


Proteus mirabilis 
Proteus vulgaris 
Pseudomonas rathonis 
Salmonella enteritidis 
Sarcina maxima 
Sarcina ventriculata 
Serratia marcescens 


Glucose (97 152), glycerol (69), mannitol (70) 

Glucose (97, 152) 

Acetic, citric and succinic acids (24) 

Glucose (153) 

Cellulose (136), glucose (153) 

Amygdalin, cellobiose, galactose, glucose, fructose, lactose, mal- 
tose, mannose, salicin, sucrose (27), arabinose, gluconic acid, 
mannitol (88) 

Aesculin, amygdalin, arabinose, cellobiose, dextrin, dimethyl 
glucoside, glucose, glycerol, inositoi, inulin, maltose, melibiose, 
raffinose, rhamnose, starch, pyruvic acid, sucrose, trehalose, 
xylose (127) 

Amygdalin, cellobiose, fructose, lactose, maltose, mannose, py- 
ruvic acid, salicin, sucrose (27), pectin (97), arabinose, ga- 
lactose, glucose, pectin, xylose (151), acetic, butyric, lactic and 
valeric acids, pectin (161) 

Peptone (4), pyruvic acid (34), fructose, glucose, maltose, man- 
nose, salicin, sucrose (173) 

Cellulose (180) 

Cellulose (180) 

Cellulose (38) 

Cellulose (5, 96) 

Cellulose (5, 121, 122, 180) 

Fructose, glucose, maltose, mannose, salicin, sorbitol, sucrose 


(173) 

Glucose (28, 71, 82), peptone (28, 71), glycerol, inulin, lactose, 
salicin, starch, sucrose (28) 

Aspartic acid, glutamic acid, serine (35), glucose (185) 
Glutamic acid (9), aspartic acid, cystine, fumaric acid, glucose, 
maltose, methionine, pyruvic acid, histidine, malic acid, serine, 
tyrosine, glycerol (188) 

Glucose, xylose (147) 

Glucose, lactose (185) 

Cellulose (180) 

Mannitol (64, 68), arabinose, fructose, galactose (68), formic 
acid, glucose (68, 126, 167, 168), formic acid, glycolic acid (92), 
glucose (97, 152), fructose, glucose, maltose, mannose, salicin, 
sorbitol, sucrose (173), lactose (185) 

Glucose (152) 

Cystine (165), glucose (152) 

Raffinose (101, 180) 

Glycolic acid (92) 

Fructose, glucose (148) 

Fructose (148), glucose (97, 148) 

Glucose (130) 


* The generic and species names of organisms are those used by the respective authors whose works are cited in this 


article. 


OCCURRENCE OF HYDROGEN PRODUCERS IN MARINE SEDIMENTS 


Experimental methods.—Sea water enriched with 0.1 per cent each of KsHPO,, 
NaHCOs, (NH,)2SOx, and NaeS-gH20 and o.5 per cent of either glycerol, peptone, 
or shredded cellulose was used to demonstrate the presence of hydrogen-produc- 
ing bacteria in samples of sedimentary material from various sources (143). After 


— 
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sterilizing the medium by heating in an autoclave for 20 minutes at 121°C. and 
adjusting the reaction to pH 7.2 with sterile solutions of NaOH and HCl, the 
medium was inoculated with a portion of the sample to be tested. In all manipula- 
tions precautions were exercised to avoid contamination and to preclude free 
oxygen. The function of the NasS-gH2O was to create anaerobic conditions and 
to maintain a low redox potential (195) which favors hydrogen formation. 

The medium was dispersed for sterilization in bottles or flasks filled to capacity 
and stoppered with a one-hole rubber stopper. The latter was connected with a 
capillary glass tube bent to conduct evolved gases from the culture receptacle to 
a bottle or test tube filled with salt solution and inverted in a 22 per cent NaCl 
solution, which served as a confining liquid for the gas sample, as recommended 
by Dennis and Nichols (40). The inoculated media were incubated at 27°C. The 
quantity of gas evolved from day to day could be observed by noting the displace- 
ment of the confining liquid from the graduated bottle or tube into which the gas 
was discharged. 

A second type of apparatus proved to be more satisfactory for detecting small 
quantities of gas produced by bacteria in culture media. It consisted of a culture 
receptacle, filled to capacity with medium and stoppered with a two-hole rubber 
stopper. One hole was fitted with a U-shaped glass tube extending to the bottom 
of the culture receptacle through which medium was forced into the overflow con- 
tainer as gas was produced. The other hole in the rubber stopper was fitted with a 
short length of tapered glass tube closed on top with a sleeve-type serum-bottle 
stopper having a soft rubber diaphragm through which a sterile hypodermic needle 
could be inserted for injecting inocula or chemical reagents or for removing 
samples of evolved gas with a syringe, according to the method described by 
Senn (142). 

It is recognized that the diffusability of hydrogen through rubber and the 
solubility of gases in water constitutes two potential sources of error. Controlled 
experiments with all-glass apparatus have proved that the error is relatively 
small or actually negligible from the loss of hydrogen by diffusion. Hydrogen is 
soluble to the extent of 1.69 cc. per 100 cc. of water at 27°C., less in culture 
medium, and considerably less in 22 per cent NaCl solution, which was used in 
some experiments as the confining liquid. Therefore, any hydrogen gas liberated 
would be in excess of that required to saturate the culture medium or the confining 
liquid. The solubility of methane is 8.03 cc. per liter of water at 27°C. Its solubil- 
ity in culture medium, like the solubility of other gases, depends primarily upon 
the salt concentration. The solubility of carbon dioxide is primarily a function of 
the pH of the medium, which may change during incubation of cultures, but error 
from this source is not great because the medium was well buffered at around pH 
7.2 and it was virtually saturated with carbon dioxide at the beginning of the ex- 
periment. The solubility of the gases was estimated in the calculation of results 
when the volume of evolved gas was small, but, in most experiments, the volume 
of evolved gases was relatively large as compared to the amount of dissolved gas. 
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The composition of the gas was determined with an Orsat-type gas analyzer 
in most of the experiments. 

Hydrogen producers in recent sediments——Table II characterizes several 
samples of sedimentary materials in which hydrogen producers were demon- 
strated. Approximately one gram of the sedimentary material was used to in- 
oculate 160 cc. of culture medium enriched with 0.5 per cent each of glycerol, 


TABLE II 


RELATIVE PROPORTIONS OF CARBON D1oxmE, METHANE, AND HyDROGEN IN GASES EVOLVED 
DurincG IniTIAL STAGES OF ANAEROBIC DECOMPOSITION OF CELLULOSE, PEPTONE, OR GLYCEROL 
BY BACTERIA PRESENT IN APPROXIMATELY ONE-GRAM SAMPLES OF VARIOUS 
SEDIMENTARY MATERIALS (ADAPTED FROM SENN, 143) 


Percentage 


Sample No. Description of Sample 

CO. | CH, | 

XXIX: 117-2 Organic-rich mud from Rozel Point, Great Salt Lake, 
Utah 94.6] 0.6] 4.8 

XXIX: 117-3 Sand and muddy silt from Rozel Point, Great Salt Lake, 
Utah 50.3 | 1.0] 48.7 

XXIX: 125-1 Mud from swamp, La Coloma, Pinar del Rio, Cuba, sent 
by Standard Oil Co. of Cuba 90.5 | o 9-5 

XXIX:125-2 | Mud from swamp, Punta Gatos, Cuba, sent by Standard 
Oil Co. of Cuba 58.8 | 0 41.2 

XXIX: 125-3 | Mud from Ensenada Las Tunas, Cuba, sent by Standard 
Oil Co. of Cuba 70.1 | 0.6 | 29.3 

XXIX: 125-4 Mud from near Guanimar, Pinar del Rio, Cuba, sent by 
Standard Oil Company of Cuba 60.1 | ©.7 | 39.2 

XXX: 100 Marine mud from depth of about 2 feet, Mission Bay, 
San Diego, California 36.3 | 62.2] 1.5 

XXX: 102 Marine mud from water depth of 635 fathoms, from San 
Diego Trough 6:4 | 3-5 

XXX: 114 Mud from shallow brackish water, Sorrento Slough, near 
Del Mar, California | 3.2 

XXX: 154 Sediment containing decomposing wood in sea-water 
tank, La Jolla, California 29.7 | 68.8 | 1.5 

XXX: 190B Mud from shallow brackish water, San Diego Bay, near 
Chula Vista, California 31.1 | 6620} ‘2:9 

XXX: 190S Mud from shallow brackish water, San Diego Bay, near 
Chula Vista, California $4.3 3.5 

XXX: 192F Marine mud core about 4 feet long, from goo fathoms of 
water offshore from San Diego 46.6 | 99.7 1 2.7 


peptone, and cellulose. In order to facilitate the comparison of results, the com- 
position of the evolved gases is reported as if it consisted exclusively of carbon 
dioxide, methane, and hydrogen, although small] quantities of nitrogen, hydrogen 
sulphide, and ammonia were usually present. There was no evidence for the pro- 
duction of carbon monoxide and no volatile hydrocarbon besides methane could 
be detected in any of the experiments. 

Since the composition of the evolved gases varied with the period of incuba- 
tion and other experimental conditions, the only significance that can be attached 
to the data in Table II is that hydrogen-producing microérganisms were present 


— 
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in the samples with which the media were inoculated. Negative results, of which 
there were many, are not reported. The absence of hydrogen in evolved gases 
does not necessarily indicate that no hydrogen was produced, because the amount 
produced may be inadequate to saturate the medium, or hydrogen may be oxi- 
dized by bacteria in mixed cultures about as fast as it is produced. The oxidation 
of hydrogen is suggested by the demonstrated presence of various kinds of hy- 
drogen oxidizers in sediment samples and by the observation that the first gas 
evolved generally contained the highest percentage of hydrogen. ¢ 

Attention is directed to the results obtained with the four Cuban mud samples 
numbered XXIX: 125 in Table II. These samples, which were collected for 
another purpose, had been treated with 25 per cent butyl alcohol as a preserva- 
tive, but in spite of this treatment, spore-forming hydrogen producers survived. 
Methane producers, which are believed to oxidize hydrogen with the formation of 
methane, were inhibited or killed by the butyl alcohol. The occurrence of both 
types of bacteria in the Cuban mud was demonstrated in unpreserved samples of 
the same mud. The mixed microflora in the unpreserved mud fermented the 
medium with the formation of gas containing much more methane than hydrogen. 
The percentage of methane continued to increase while the carbon dioxide con- 
tent of the gas decreased with prolonged incubation. The changing composition 
of the gas, which is generally observed with mixed cultures, is attributed to the 
reduction of carbon dioxide to methane by hydrogen. Hydrogen may also be 
oxidized by sulphate reducers and other types of bacteria. 

By eliminating or inhibiting methane producers by various selective culture 
technics described by Omelianski (121, 122) and Mazé (111), the resulting cul- 
tures produced gas consisting primarily of hydrogen and carbon dioxide. Such 
enrichment cultures of hydrogen producers have been obtained from marine mud 
sample XXX: 192F by successively heating young subcultures to 80°C. for ten 
minutes. Spores of methane producers as well as hydrogen producers survived 
this treatment, but since methane producers germinated more rapidly, they were 
selectively eliminated by a repetition of the heat treatment. The gas produced by 
such an enrichment culture has been found to contain as much as 50 per cent 
hydrogen during the fermentation of glycerol or glucose. 

Hydrogen producers in reservoir fluids—The presence of hydrogen-producing 
bacteria in samples of reservoir fluids from oil wells was demonstrated by in- 
oculating 150 cc. of nutrient medium containing 0.5 per cent each of glycerol, 
glucose, and cellulose with rocc. of oil or brine. After incubation for a week or two, 
about half of the samples tested provoked the formation of gas. The first gas 
produced was examined for the presence of hydrogen. The samples of reservoir 
fluids in which hydrogen producers were found are described in Table ITT. 

Finding hydrogen producers in reservoir fluids from fourteen different oil 
wells is highly suggestive, but such findings are not conclusive because the bac- 
teria might have been introduced in the formation when the well was drilled, or 
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subsequently. Moreover, many of the samples may have been contaminated at 
the time of sampling, but if so, they were contaminated by bacterial types not 
commonly found in soil or fresh-water environments (196). 

Methane producers were found in all samples of reservoir fluids and recent 
marine sediments in which hydrogen producers were demonstrated and in many 
samples in which hydrogen producers could not be demonstrated. Sulphate re- 
ducers were also found in such samples. Ginsburg-Karagitscheva (62) found 
hydrogen producers, methane producers, and sulphate reducers in fifteen samples 
of oil sands from the Grozny oil-field formation. Cellulose fermenters were also 
present (62). 

Oil-well brine sample No. XXIX: 61 described in Table III was collected 
aseptically in a sterile bottom-hole sampler from a depth of 7,000 feet, under the 


TABLE III 


DESCRIPTION OF RESERVOIR FLutps, 10 Cc. SAMPLES OF WHICH CONTAINED BACTERIA 
WaicH FERMENTED EITHER GLYCEROL, GLUCOSE, OR CELLULOSE WITH FoRMA- 
TION OF HypROGEN, METHANF, AND CARBON DIOXIDE 


Sample No. | Location of Oil Well from Which Samples Were Taken 


XXIX: 61 Well No. 3, Apex Oil Company, El Segundo, Calif. 

XXIX: 64-9 Coit Lease, Well C-95, Kendall Oil Co., Bradford, Pa. 

XXIX:65-12 | Bingham 532, South Penn Oil Co., Bradford, Pa. 

XXIX: 66-23 Cornen Lease, Well 11, Brundred Oil Co., Oil City, Pa. 

XXIX: 67-30 | Curtis Lease, Well 211, Moore Producing Co., Bolivar, N. Y. 
XXIX: 93-7 Nitey No. 2, Amerada Petroleum Corp., Seminole County, Okla. 
XXIX: 94-13 Zimmerman No. 1, Amerada Petroleum Corp., Lincoln County, Okla. 
XXTIX:096-2 | Sellers Lease, Vell 2, Amerada Petroleum Corp., Des Allemands, La. 
XXIX: 98-5 South Coast Lease, Well 8, Amerada Petrol. Corp., Lafourche, La. 
XXIX: 102-10 Weil Lease, Well 6, Amerada Petrol. Corp., Cheneyville, La. 
XXIX:127-5 | Kern Front, Well 15, General Petrol. Corp., Bakersfield, Calif. 
XXIX: 138-1 | Well 343-3P, Standard Oil Co., Kettleman Hills field, Calif. 
XXIX:141-2. | Well 61K, Tide Water Associated Oil Co., Buena Vista, Calif. 
XXIX: 146-4 Erburn No. 10, General Petroleum Corp., Capitan field, Calif. 


personal supervision of a bacteriologist. Nothing had been introduced in the well 
for about 15 months prior to collecting the sample. While the hydrogen-producing 
bacteria found in the sample may have been introduced during or after the drill- 
ing of the well, the presence of such bacteria is indicative of the widespread dis- 
tribution of hydrogen producers. Their presence, however, is not necessarily in- 
dicative of their activity in source sediments, particularly since most hydrogen 
producers are anaerobic spore formers which could be expected_to survive almost 
indefinitely under favorable conditions. 

Hydrogen production in.mud samples.—It was proved that at least a little free 
hydrogen may be evolved by bacteria occurring naturally in samples of marine 
sediments to which nothing except sea water was added. Kilogram samples of 
organic-rich mud taken from the sea floor were mixed and covered with sea water 
in closed receptacles with connections for collecting evolved gases. Data from a 
representative experiment are summarized in Table IV. In this experiment 1250 
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grams of mud having an organic content of 3.8 per cent (wet basis) was incubated 
for several months at 27°C. Within a few days gas started to accumulate, which 
was found to contain hydrogen, carbon dioxide, and methane. The hydrogen and 
carbon dioxide content of the evolved gases decreased progressively and the 
methane content increased proportionately from month to month. 

The stinking gases which escape from cores of certain sapropelic marine 
muds, upon being hauled to the surface from oceanic basins, have been observed 
to ignite with a plink resembling that of exploding hydrogen in the presence of 
a lighted match. When analyzed in the laboratory samples of such gases have 
been found to contain from o.1-0.5 per cent hydrogen by volume. There is 
generally no free hydrogen in marine mud gases, although it occurs in certain 
sapropelic muds. 

Allgeier ef al. (3) observed the presence of 1-3 per cent hydrogen in the 
gases evolved during the fermentation of bottom deposits from Lake Mendota, 
which were studied under laboratory conditions. Gas was produced much more 
rapidly at 55°C. than at lower temperatures. The percentage of carbon dioxide 
and hydrogen increased and the percentage of methane decreased with a rise in 
temperature. A direct correlation was found between the numbers of bacteria and 
the quantity of gas produced (3). 

Abundance of hydrogen producers in bottom deposits——Most, but not all, one- 
gram samples of marine bottom deposits were found to contain bacteria which 
fermented either glycerol, peptone, or cellulose with the liberation of hydrogen. 
Methane producers were present in all such cultures. Intermittently heating the 
material to 80°C. for ten minutes could not be depended on to destroy selectively 
methane producers, because some of the latter survive such treatment. On the 
other hand, many or all of the hydrogen producers may be killed by such treat- 
ment. It should be apparent from the bacterial species named in Table I that by 
no means are all hydrogen producers thermotolerant. Schnellen (141a) has re- 
cently described a thermophilic methane-producing bacterium, Methanosarcina 
barkerii, which forms highly thermoresistant spores. 

By employing the minimum dilution method, in which quantities of mud 
decreasing by powers of 10 were used as inocula, that is, 1.0 gram, 0.1 gram, 0.01 
gram, ef cefera, it was demonstrated that bottom deposits collected from the floor 
of the ocean contained up to 10,000 hydrogen-producing bacteria per gram and 
generally fewer than 1,000 methane producers per gram. This may be compared 
with counts of 31,000,000 aerobes, (probably facultative aerobes), 2,600,000 total 
anaerobes, 10,000 sulphate reducers, and 1,000 cellulose decomposers per gram of 
similar marine mud studied by ZoBell (191). 

Hydrogen producers and methane producers, like the total bacterial popula- 
tion (193, 199), decrease in abundance with core depth, but such bacteria have 
been demonstrated in the bottom of cores 12-15 feet long. Whether such bacteria 
occur at greater depths can be determined only by the aseptic collection and care- 
ful examination of appropriate samples. 
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FACTORS WHICH INFLUENCE HYDROGEN PRODUCTION 


Microbial flora—The amount of hydrogen liberated by bacterial cultures de- 
pends to a large extent on the species present. Pure cultures of hydrogen pro- 
ducers (of which there are many known species) produce gas consisting of as 
much as 40-50 per cent hydrogen by volume. Little or no hydrogen may be 
liberated by mixed cultures. 

Hydrogen producers may be overgrown in mixed cultures by other types of 
bacteria, or hydrogen may be utilized by other types of bacteria before it can 
escape from the medium. The elimination of hydrogen-utilizing bacteria by selec- 
tive culture techniques often results in the formation of a gas much richer in 
hydrogen than gas produced by mixed cultures. This may be illustrated by an ex- 


TABLE IV 


ToTaL QUANTITY AND ComposITION OF GAS PRODUCED FROM 1,250 GRAMS OF Marine Mvp, 
CONTAINING 3.8 PER CENT OF ORGANIC MaTTER (WET Basis), AFTER DIFFERENT 
PERIODS OF INCUBATION AT 27°C. (ADAPTED FROM SENN, 143) 


Incubation Total Gas Percentage 
Period Produced Com position of Gas 
(Days) (Cubic Centimeters) CO CH, He 
oto 22 80 25.9 st 3.0 
23 to 209 260 23.9 73.8 2.6 
30to 43 460 23.7 74.3 2.0 
44 to 57 57° 77.0 1.3 
58to 65 700 21.5 77.3 132 
66 to 72 980 20.8 77.8 1.4 
73 to 97 1,490 20.8 78.0 1.2 
98 to 179 2,430 21.2 78.3 0.5 
180 to 289 3,260 19.0 80.4 0.6 
290 to 431 3,660 18.7 80.3 1.0 
432 to 575 4,100 16.6 83.2 0.2 


periment with a sample of mud similar to that reported in Table IV, in which 
mixed microflora produced gas containing only o.2—3 per cent hydrogen. By suc- 
cessively incubating freshly collected mud samples for 2 days at 27°C. and then 
heating to 80°C. for 20 minutes five different times to provide for the selective 
germination and destruction of methane-producing bacteria (which consume 
hydrogen), the subsequent incubation of the heat-treated mud resulted in the 
formation of gas which at first contained 40-50 per cent hydrogen, 40-55 per cent 
carbon dioxide, and only 5-10 per cent methane. Within 3 weeks, however, the 
methane producers had gained the ascendancy so that the evolved gas contained 
70-80 per cent methane and less than 1.0 per cent hydrogen. 

The relative quantity of hydrogen produced by pure cultures varies within 
wide limits, depending on the substrate and experimental conditions. According 
to Grimbert (65), the gas produced by Bacillus orthobutylicus during the fermenta- 
tion of glucose had the following composition after different periods of incuba- 
tion: 
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Percentage 
Hydrogen 
Ist to 4th day 54 46 
5th to 13th day 26 74 
14th to 22nd day 22 78 


The first portions of gas produced by several different bacterial species studied 
by Bennett and Pammel (20) consisted of almost pure hydrogen. The proportion 
of hydrogen decreased progressively and the carbon dioxide content increased 
with prolonged incubation. This was attributed (20) to the absorption by the 
medium of carbon dioxide, but several factors which influence the activity of the 
hydrogen-producing bacteria are now known to be involved. 

Bacteria are not the only microérganisms which produce hydrogen. Species 
of Scenedesmus and other unicellular algae studied by Gaffron and Rubin (59) 
liberated hydrogen in the dark when the air was replaced by nitrogen. Certain 
algae were observed by Gaffron -(58) to contain an enzyme, hydrogenase, which 
catalyzed a reversible reaction (either the production or utilization of hydrogen). 
The direction of the reaction depended on the concentration of reactants and 
environmental conditions. 

Specific enzymes.—Hydrogenase is an enzyme produced by several microbial 
species. It catalyzes reactions in which molecular hydrogen reduces oxygen, 
methylene blue, fumarate, malate, formaldehyde, methyl alcohol, carbon 
monoxide, carbon dioxide, bicarbonate, nitrate, nitrite, sulphate, sulphite, thio- 
sulphate, and other compounds (45, 79, 103, 157, 158). In the presence of such 
compounds, hydrogenase may cause the disappearance of molecular hydrogen 
from a system, although under certain conditions hydrogenase may activate the 
reverse reaction, that is, the liberation of molecular hydrogen. Hydrogenase has 
been shown to be an iron porphyrin-protein complex which is active only in the 
reduced or ferrous state (79, 103). The hydrogenase of luminous bacteria is in- 
activated by the presence of much oxygen (32) as is the hydrogenase of Acetobac- 
ter peroxydans (182). 

Hydrogenlyase is the microbial enzyme most commonly responsible for the 
liberation of molecular hydrogen from organic compounds. It was established by 
the work of Stephenson and Stickland (159) that formic hydrogenlyase, which 
catalyzes the formation of hydrogen and carbon dioxide from formic acid, is a 
distinct enzyme and not the same as hydrogenase. The specificity of formic 
hydrogenlyase has been confirmed by the work of Woods (186). 

Hydrogen is formed from formic acid by numerous bacteria (68, 83, 92, 
128, 133, 167), and many bacteria which ferment organic compounds with the 
formation of hydrogen also produce formic acid (53-56, 68, 127). This suggests 
that microdrganisms liberate hydrogen from organic compounds by producing 
formic acid and formic hydrogenlyase. However, Stephenson (156) has shown 
that molecular hydrogen is also produced by some other mechanism which does 
not involve formic hydrogenlyase. For example, Woods and Clifton (188) found 
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that Clostridium tetanomorphum produced hydrogen from glucose, glycerol, 
pyruvate, and certain amino acids but not from formic acid, which definitely rules 
out the possibility of formic acid being an intermediary in hydrogen production 
by this organism. 

Effect of temperature-—Mixed cultures of bacteria have been observed to pro- 
duce hydrogen at temperatures ranging from o° to 65°C. (29, 171). The optimum 
temperature for many pure cultures ranges from 25° to 45°C., although thermo- 
philic hydrogen producers having higher optima are common. Mixed cultures of 
cellulose fermenters were found by Coolhaas (37) and Kroulik (100) to produce 
hydrogen more rapidly at 60°C. than at lower temperatures. Hydrogen was 
rapidly produced at 55°-60°C. by Clostridium thermosaccharolyticum during the 
fermentation of glucose (147). Clostridium thermocellum fermented cellulose with 
hydrogen formation at 62°-66°C. (171). 

Spore-forming hydrogen producers have been demonstrated in marine bottom 
deposits, some of which were not killed by being heated for thirty minutes to 
100°C. Advantage has been taken of the heat tolerance of such hydrogen pro- 
ducers to separate them from less tolerant contaminating organisms (111, 121, 
122). 

Nutrient requirements.—Sea water contains all of the mineral salts required 
for the physiological activity of marine hydrogen producers. Fresh-water strains 
grew in sea water diluted with 9 volumes of distilled water. Halophilic strains were 
encountered in oil-well or salt-lake brines which developed in homologous brine 
medium or in sea-water medium rendered isotonic with the brine by the addition 
of sodium chloride. Hydrogen production by bacteria growing in nutrient 
medium containing 30 per cent salt has been observed. 

Ammonium satisfied the nitrogen requirements of most hydrogen producers. 
Their energy or carbon requirements are satisfied by fatty acids, amino acids, 
peptones, sugars, starches, cellulose, alcohols, glucosides, or other organic com- 
pounds. Some compounds shown to be fermented by various pure cultures with 
hydrogen formation are summarized in Table I. Although this survey of the litera- 
ture is far from complete, it should be apparent from the fragmentary summary in 
Table I that a large variety of compounds, which one might expect to find in 
recent marine sediments, are fermented by bacteria with the formation of hydro- 
gen. 

A mixed culture of anaerobes from a sample of marine mud (XXX: 192F) 
from which methane producers had been excluded by selective heat treatment was 
found to ferment numerous compounds with the formation of hydrogen. Repre- 
sentative data are presented in Table V. In giving the volume and percentage 
composition of the evolved gases, corrections have been made for the amount of 
carbon dioxide and hydrogen dissolved in the culture medium at the observed pH 
and temperature. Carbon monoxide was not found in any of the experiments. 

Besides the compounds reported in Table V, cellulose, dextrin, inulin, peptone, 
and asparagine were found to be fermented by mixed cultures of marine anaerobes 
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TABLE V 


VOLUME AND PERCENTAGE COMPOSITION OF GAS PRODUCED DURING THE FERMENTATION OF 0.1 PER 
CENT OF VARIOUS COMPOUNDS BY ENRICHMENT CULTURE OF MIXED MICROFLORA FROM MARINE 
Mvp XXX: 192F IN 160 Cc. »F SEA-WATER MEpium INCUBATED AT 27°C. 

(ADAPTED FROM SENN, 143) 


: Volume Percentage 
Period of of Gas Composition of Gas 
Compound (Cubic COs p CH, f He 
(Days) Centimeters) 
Glycerol 27 68 52.4 ° 47.6 
Glucose 26 47 48.1 ° 51.9 
Lactose 25 22 59.8 ° 40.2 
Maltose 26 37 50.2 ° 49.8 
Sucrose 26 57 66.7 ° 33.3 
Starch 25 32 63.0 ° 37.0 
Sorbitol 27 33 54.4 ° 45.6 
Dulcitol 29 29 58.3 ° 41.7 
Mannitol 29 46 55.7 ° 44.3 
Levulose 30 40 48.6 ° 51.4 
Cellobiose 30 28 60.2 ° 39.8 
Raffinose 30 26 58.9 ° 41.1 
Glycogen 30 22 68.1 ° 31.9 
Salicin 30 24 56.3 ° A367 


with the formation of hydrogen (143). Monoacetin, diacetin, triacetin, and the 
following organic acids promoted hydrogen production in combination with 
glycerol: formic, acetic, propionic, butyric, caproic, stearic, lactic, pyruvic, 
succinic, maleic, malonic, tartaric, citric, and gluconic. Though only slowly at- 
tacked by anaerobes, both chitin and lignin appeared to promote hydrogen 
production by bacteria growing in sea-water medium enriched with glycerol. 
There was no evidence for hydrogen production from paraffine oil, —— a 
little was produced from various samples of crude oil. 

Effect of pH.—Hydrogen production by marine bacteria has been observed in 
nutrient media having initial pH values ranging from 5.5 to 9.8. The composition 
of the gas did not appear to be influenced by the hydrogen-ion concentration, but 
the rate of gas production was greatest between pH 7.0 and 8.3 (see data in 
Table VI). The pH of the marine bottom deposits studied by ZoBell (195) ranged 
from 6.4 to 9.5, most of them falling in the range of pH 7.5 to9.0. 

Hydrogen liberation is ordinarily accompanied by a decrease of the pH in 
experimental media, probably because organic acids are produced and weakly 
dissociated organic acids may be converted into more strongly dissociated ones. 
According to Buswell (29), glucose was gasified with the production of formic, 
acetic, propionic, butyric, and lactic acids. Formic acid and acetic acid were 
formed during the fermentation of propionic acid. Malic acid was fermented with 
the formation of propionic acid. Isobutyric acid was converted into lower fatty 
acids (29). Of course, the quantitative conversion of fatty acids to carbon dioxide, 
hydrogen, and methane could be expected to result in an increase in pH, and this 
actually happens after prolonged incubation. 
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Oxygen tension and redox potential—The microbial production of hydrogen 
seems to be strictly an anaerobic process. Hydrogen is not liberated unless free 
oxygen is excluded from the medium. This may be because the hydrogen released 
by hydrogenlyases combines immediately with free oxygen to form water or it 
may be because hydrogenlyases are inactivated by free oxygen as are certain 
hydrogenases. According to Hoberman and Rittenberg (79), the hydrogenases 
and hydrogenlyases produced by Proteus vulgaris, Escherichia coli, and Bacillus 
acidi lactici are active only in the reduced state. Lascelles and Still (103) have 
found the hydrogenase of E. coli to be extremely sensitive to oxygen. 

Not only should oxygen be excluded, but in order to obtain maximum hydro- 
gen production the redox potential of the medium should be reduced to E, —0.05 


TABLE VI 


Gas PropUCED BY ENRICHMENT CULTURE OF ANAEROBES FROM MARINE Mup XXX: 192F DURING 
FERMENTATION OF GLYCEROL IN SEA-WATER MEpiuM HAvING DIFFERENT INITIAL PH VALUES. 
Gas VotumEs ArE Not CorrECTED FOR SOLUBILITY (ADAPTED FROM SENN, 143) 


FirstGas Volume of Gas 
Initial pH after after 44 Days after 
of Medium Number of (Cubic CO. of Gas H 
5-55 44 I 5-70 
6.30 12 123 5.70 39.1 ° 60.9 
6.45 12 134 5.70 35-9 ° 64.1 
7.00 5 161 5.85 38.9 ° 61.1 
7.45 7 167 5.85 39.8 ° 60.2 
7-90 7 159 5-95 37-1 ° 62.9 
8.35 8 163 6.00 35.8 ° 64.2 
8.85 19 134 6.10 39.6 ° 60.4 


volt or lower. This can be achieved in most media by the addition of a little so- 
dium sulphide or ascorbic acid. A redox potential of E, —o.05 volt or lower is 
indicated by the reduction or decolorization of 0.002 per cent methylene blue 
added to the nutrient medium. As the growth of hydrogen producers progresses, 
the medium generally becomes more reducing, sometimes to the extent of 
E, —o.45 velt. Hydrogen production by marine anaerobes has been found to be 
most rapid when the redox potential of the medium is between E, —o.2 and 
—o.4 volt. The redox potential of most deep-sea sediments examined by ZoBell 
(195) ranged from E, —o0.05 to —o.35 volt, although the extreme values ranged 
from E;, +0.35 to —o.50. volt. 


OCCURRENCE OF MOLECULAR HYDROGEN IN NATURAL GASES 


Marsh gas.—In spite of the rather widespread and abundant distribution in 
swamps, marshes, lake bottoms, and recent marine sediments of bacteria capable 
of fermenting a large variety of organic compounds with the formation of hydro- 
gen, molecular hydrogen has only infrequently been demonstrated in gases 
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emanating from swamps ef cefera. S6hngen (150) attributed this general absence 
of hydrogen in such gases to the avidity of methane-producing bacteria for 
hydrogen in the presence of carbon dioxide: 

CO: + 4H: = CH, + 2H.0. 
It is now known that sulphate reducers and other types of bacteria also utilize 
molecular hydrogen. 

Séhngen (150) found that, although hydrogen is liberated from organic mat- 
ter wherever the latter is undergoing fermentation in mud overlayered with 
water, molecular hydrogen generally is absent in marsh gas, fire damp, or gases 
evolving from bottom deposits. Séhngen’s failure to find hydrogen in such gases 
was corroborated by similar observations by Bunsen, Graham, Playflower, 
Schloesing, Fouqué, Meyer, Oudemans, and other workers. From his review of the 
early literature S6hngen (150) was able to find only two isolated reports of hydro- 
gen being found in gases emanating from bottom deposits: allegedly Hoppe- 
Seyler detected hydrogen in gases collected from Lake Constance, Switzerland, 
and Roozeboom demonstrated 0.2—-6.4 per cent hydrogen in gases evolving from 
canal mud in Holland. 

Popoff (133) was able to detect hydrogen in gases evolving from pond mud 
only rarely and then in small amounts. According to Harrison and Aiyer (73), 
hydrogen is usually absent in the gases of swamp rice soils. Only occasionally was 
a little hydrogen found (74). Harrison (72) declared that although both hydrogen 
and carbon dioxide may be generated in rice paddy soil, these two gases cannot 
exist in association under paddy soil conditions, because bacteria are present 
which activate the reduction of carbon dioxide to methane in the presence of 
molecular hydrogen. Harrison and Aiyer (72) believed that some of the hydrogen 
generated in rice paddy soils was reconverted into organic matter by bacteria 
near the surface of the soil. 

A little dissolved hydrogen was found by Sugawara et al. (162) in the bottom 
waters of certain Japanese lakes which were rich in organic nutrients. Gas gen- 
erated in fermenting, organic rich, bottom deposits from Lake Mendota was 
found by Allgeier ef al. (3) to contain 1-3 per cent hydrogen, 3-30 per cent carbon 
dioxide, and 65-85 per cent methane. The extensive studies of Conger (36) on the 
ebullition of gases from Maryland marsh and lake waters revealed that hydrogen 
is either absent or present in only minute amounts. Some representative analyses 
of marsh gas were reported (36) as follows in terms of percentage by volume. 


Sample 2 Sample 3 Sample 4 


Gas Sample 1 
Carbon dioxide 2.4 rs 1.8 2.3 
Illuminants ° ° ° ° 
Oxygen 0.2 1.2 0.3 0.3 
Carbon monoxide ° ° ° ° 
Hydrogen ° 0.5 0.2 0.2 
Methane 7203 82.2 57.8 61.7 
Nitrogen 25.2 14.6 390.9 
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Based on an average gas production during the warm summer months of 26.27 cc. 
per square meter per hour, Conger (36) calculated that gas was produced in 
Maryland marshes at a rate of go cubic feet per acre per day. 

Hydrogen in natural gas.—Brooks (26), Krejci-Graf (99), Lind (108), Pratt 
(135), and others (105) have commented on the notable absence of hydrogen in 
natural gas. However, a precursory examination of the literature reveals that 
hydrogen has been reported to be present in samples of natural gas from various 
parts of the world. Some of these reports are compiled in Table VII. 


TABLE VII 


Some NATURAL GASES IN WHICH MOLECULAR HyDROGEN 
Has BEEN REpoRTED To BE PRESENT 
(These Data Should Be Viewed with Caution-C.E.Z.) 


Percentage 


Location Field or Area —— Authority 
CH, CO. Ne 

Indiana Sullivan County 75.0 0 16.0 2.6 Bell (18) 
Kansas Dexter 15.0 0 84.0 0.8 Haworth and McFarland (76) 
Michigan Washtenaw County 69.0 0.6 3.6 26.0 Newcombe (115) 
Michigan Wayne County 67.9 0.7 3-5 25.6 Newcombe (115) 
Ohio Indiana 93-4 0.3 3-3 1.8 Croneis (39) 
Ohio Thurston QI.2 0.2 2.7 3.7  Croneis (39) 
Rumania Transylvania 99.0 0 0.2 0.4 Gardescu (61) 
Russia Koksher Island 79.2 0 ° 20.8 Bodhanowicz (22) 
Russia Niznij-Tagile 9.5°0 20.7 66.5 Bohdanowicz (22) 
Russia Stavropol 37-5 0 21.1 27.3  Bohdanowicz (22) 
S. Australia Robe 30.6 1.3 30.7 25.4 Woolnough (189) 


Lind (107) related that Rogers and Farr found 4-20 per cent hydrogen in 10 
out of 82 samples of natural gas in New Zealand. Samples of natural gas from the 
petroleum region in the southern Urals were reported by Cherepennikov (31) to 
contain 4.6-12.7 per cent hydrogen. Hydrogen was said to be present in natural 
gas from the Melitopol and Melnikov fields, and 5.3-18.5 per cent hydrogen was 
reported to be present in gas from the Ssolikamsk lime deposits (31). 

Data on the occurrence of hydrogen in natural gas must be interpreted with 
caution, since there are many sources of error in analytical and sampling pro- 
cedures. For example, there is a possibility of hydrogen being formed in the well 
casing from the reaction of acidic waters on iron pipe: 


Fe = He FeA 
where A is an acid radical. Hydrogen may also result from the reaction of hydro- 
gen sulphide on iron (67, 131, 154): 

Fe H.S => He FeS. 
Other chemical or biological reactions may result in the generation of hydrogen 
in wells or in stored samples. On the other hand, the diffusibility of hydrogen 


and its reactivity with various chemical or biological agents may result in its 
rapid disappearance under certain conditions. 
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Hydrogen is known to occur in igneous rocks and volcanic gases (33, 116), 
from which it might infiltrate sedimentary deposits. The presence of 0.015 per 
cent hydrogen in Vesuvius gas from Agnana, Italy, 7.2 per cent hydrogen in 
fumarole gas from Kilauea, Hawaii, and 8.12 per cent hydrogen in fumarole gas 
from Mont Peleé, Martinique, has been reported by Dobbin (42). 

On the other hand, hydrogen might occur in natural gas much more commonly 
than is indicated by the literature. Small quantities of hydrogen could easily be 
missed by many of the older analytical methods unless special efforts were made 
to detect it. Therefore, the mere fact that hydrogen is not reported as a con- 
stituent of natural gas does not necessarily mean that it is not present in at least 
minute amounts. While there are relatively few authentic accounts of the occur- 
rence of hydrogen in natural gas, there are almost equally few conclusive ac- 
counts of its absence, although obviously hydrogen is rarely present in appreci- 
able amounts. 

Recently Brewer and Dibeler (25) of the National Bureau of Standards re- 
ported detecting by mass spectrometer analyses 0.36-0.70 mole per cent of 
hydrogen in helium gas from helium plants at Otis, Kansas, Exell, Texas, and 
Navajo, New Mexico. The presence of hydrogen was completely unsuspected, but 
confirmed by chemical tests. It was thought at first that the hydrogen might have 
come from the steel storage tanks, but helium from glass cylinders contained the 
same percentage of hydrogen +0.01-0.03 mole per cent. An analysis of the 
natural gas showed that it contained a trace of hydrogen, the maximum being 
less than 0.05 mole per cent hydrogen, which was believed to be concentrated 
along with the helium in the purification process. 

In response to queries, numerous personal communications have related the 
occurrence of small quantities of free hydrogen in natural gases associated with 
petroleum. In most cases, however, the data were from confidential files and their 
reliability was questioned for one reason or another. It is generally tacitly as- 
sumed, though, in routine analyses that natural gas contains no free hydrogen. 
Consequently, in the vast majority of cases no effect whatever has been made to 
detect hydrogen. Urgently needed in the quest for information on the origin of oil 
are reliable and extensive data on the occurrence or absence of free hydrogen in 
natural gases. 


MICROBIAL UTILIZATION OF MOLECULAR HYDROGEN 


Consumption of hydrogen in soil and sediments.—In 1839 de Saussure (41) ob- 
served the disappearance of hydrogen from soil. This was attributed to the oxida- 
tion of hydrogen to water, but it remained for Immerdorff (87) in 1892 to prove 
that hydrogen oxidation in soil is a biological process. Although moist soil caused 
the disappearance of hydrogen, heating the soil or treating it with chloroform or 
other antiseptics prevented hydrogen consumption. It has now been established 
that habituating soil and bottom deposits are several types of bacteria, both 
aerobic and anaerobic, which catalyze the oxidation of molecular hydrogen with 
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the formation of water, methane, formic acid, formaldehyde, ammonia, hydrogen 
sulphide, and other products (8, 10, 94, 95, 149, 150, 157, 158, 160). 

It has been observed by the U. S. Bureau of Mines (89) that when gases con- 
taining hydrogen are passed through soil, the gases lose part or all of their hydro- 
gen. This was shown by Jones and Scott (89, go) to be due to bacteria. Hydrogen 
was found to be oxidized by 24 samples of manhole sludge, two samples of 
anthracite mine waters, one sample of soil, and two samples of tap water. Hydro- 
gen oxidation was more rapid when sponges were placed in the culture receptacles 
to increase the surface. Carbon monoxide consumers were also found in most of 
the samples. Hydrogen and carbon monoxide quantitatively disappeared in two 
to four weeks from gas mixtures containing originally 12-15 per cent hydrogen 
and 8-10 per cent carbon monoxide. In some tests methane was formed, but the 
consumption of oxygen indicated that most of the hydrogen and carbon monoxide 
was oxidized to water and carbon dioxide, respectively. Raw cultures of bacteria 


TABLE VIII 


AMOUNT OF HypDROGEN CONSUMED BY BACTERIA AFTER DIFFERENT PERIODS OF TIME AT 
27°C. IN 80 Cc. OF SEA WATER ENRICHED WITH ORGANIC COMPOUNDS AND 
INOCULATED WITH ONE GRAM OF FRESHLY COLLECTED MARINE Mup 


Bottle Hydrogen U ptake After 


~ sees Substrate (0.1 Gram in 80 Cc.) 10 Days 20 Days 
(Cubic Centimeters) 
I Benzoic acid, neopeptone 34 60 
2 Phenol, neopeptone 32 55 
3 p-Cresol, neopeptone 35 57 
4 p-Hydroxybenzoic acid, neopeptone 27 47 
: p-Phenylethanol, neopeptone 37 56 
6 Phenylalanine, tyrosine 30 61 
7 Phenylalanine, tyrosine 37 _— 
8 Phenylalanine, tyrosine 32 58 
9 Phenylalanine, tyrosine, neopeptone 52 — 
10 None (sea-water control) 2 2 


from sewage, sludge, soil, and water from coal mines caused the disappearance of 
hydrogen between pH 2.8 and 11.5 (91). 

A rapid reduction of atmospheric pressure in closed receptacles filled with 
hydrogen and samples of marine mud has been observed. Gas analyses have 
shown that hydrogen was consumed. In one experiment, 20 grams of wet mud 
from Mission Bay was placed in each of three 180 cc. bottles containing 60 cc. of 
sea water and filled with hydrogen. After six weeks incubation at 27°C., analyses 
showed that 20.9, 37.6, and 65.2 cc. of hydrogen had been consumed in the three 
bottles, respectively, while none had disappeared from heat-sterilized controls, 
thereby indicating that bacteria or their enzymes in the mud were responsible 
for the consumption of hydrogen. In another experiment, the amounts of hydro- 
gen reported in Table VIIT were consumed by the bacteria in one gram of mud 
following its incubation for 10-20 days at 27°C. in 80 cc. of sea-water medium 
enriched with various organic substrates. Several samples of oil-well brines have 
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similarly been found to contain bacteria which consumed hydrogen. Evidence 
for the utilization of molecular hydrogen by several types of bacteria, including 
both aerobic and anaerobic species, is reviewed in the following sections. 

Oxidation of hydrogen by aerobic bacteria.—In 1906 Kaserer (94) isolated soil 
bacteria which were able to grow in a balanced mineral-salts medium in the 
presence of hydrogen, oxygen, and carbon dioxide. The bacteria oxidized hydro- 
gen as a source of energy: 

2He Oz = 2H.0. 


Kaserer (95) described two species of hydrogen oxidizers, Hydrogenomonas 
pantotropha and Carboxydomonas oligocarbophila, both of which are probably 
widely distributed in soil and recent sediments. Haseman (75) found these two 
organisms in soil along with another unidentified species which oxidized hydro- 
gen. 

Further studies were made on the ability of autotrophic aerobes to assimilate 
hydrogen by Nabokich and Lebedeff (113), who observed in two representative 
experiments the consumption of the following quantities of gas. 


Incubation Carbon 


Period a Oxygen Dioxide 

(Days) (Cc.) (Ce.) (Ce.) 
18 100.6 42.9 14.0 
15 187.1 05-4 14.6 


Lebedeff (102) reported the isolation of a pure culture of a monotrichous, motile, 
rod-shaped bacterium called Bacillus hydrogenes, which could reduce nitrate in 
mineral medium in the presence of hydrogen and carbon dioxide. In the absence 
of carbon dioxide the reaction ceased. Suspended cells of Bacillus hydrogenes as- 
similated hydrogen and oxygen in the ratio of 2:1 in the absence of nitrate. 

Niklewski (118) isolated Hydrogenomonas flava and H. vitrea from soil. Both 
organisms were found in canal mud, garden soil, pasture land, peat, and vegetable 
mold. They could grow either autotrophically utilizing hydrogen, carbon dioxide, 
and oxygen as the sole source of carbon and energy in mineral media, or they 
could grow heterotrophically in media enriched with organic compounds (1109). 
H. agilis was also isolated and studied by Niklewski (120). 

According to Ruhland (139), the ability of bacteria to assimilate molecular 
hydrogen as a source of energy is relatively widespread among bacteria. He 
isolated Bacillus pycnoticus, an aerobic autotroph, which has been described by 
Grohmann (66). Grohmann demonstrated in soil the presence of Bacillus evanidus, 
B. lichenoides, B. retaneus, B. spurius, and B. suffuscus, all of which oxidized 
hydrogen. Ruhland (140) found that the ratio of hydrogen oxidized to oxygen 
consumed by B. pycnoticus ranged from 2.14 to 2.78,the average He/O: ratio for 
several experiments being 2.56. A ratio of H2/Oz in excess of 2.0 is indicative of 
hydrogen being used to reduce carbon dioxide to formaldehyde (or similar 
product) in the synthesis of cell substance: 


| 
| 
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2He CO, = (HCHO) H.0. 


B. pycnoticus consumed an average of one volume of carbon dioxide for each 6.8 
volumes of hydrogen oxidized. 

Tausz and Donath (170) noted that molecular hydrogen was oxidized by both 
Bacterium aliphaticum liquefaciens, which utilized paraffinic hydrocarbons rang- 
ing from pentane to decane, and by their “Methane bacterium,” which utilized 
all straight-chain hydrocarbons tested, including methane. This and other ob- 
servations suggest that the ability to utilize molecular hydrogen is rather common 
among hydrocarbon-oxidizing bacteria, of which more than a hundred species 
have been described (197). 

A strain of Acetobacter peroxydans was found by Visser’t Hooft (176) to be 
capable of utilizing hydrogen. Cultures were grown on agar plates in an atmos- 
phere of two volumes of hydrogen to one of oxygen. The hydrogenase of this 
organism is inactivated by higher oxygen pressures (182). Lee and Umbreit (104) 
isolated from artificial cultures of legumes two species, Hydrogenomonas panto- 
tropha and Flavobacterium fucatum, which oxidized hydrogen in the presence of 
oxygen and carbon dioxide. Both organisms appear to be widely and abundantly 
distributed in soil. Like other hydrogen oxidizers mentioned in this section, both 
organisms grew either autotrophically or heterotrophically in appropriate media. 
Kluyver and Manten (98) found that heterotrophically grown cells of Hydro- 
genomonas flava did not oxidize hydrogen, although autotrophically grown ones 
did. The latter were able to oxidize hydrogen either autotrophically or hetero- 
trophically. The presence of lactate in suspensions of “resting” cells increased the 
rate of hydrogen uptake. 

Escherichia coli was found by Lascelles and Still (103) to contain an enzyme, 
hydrogenase, which catalyzed the so-called “Knallgas” reaction, or the utiliza- 
tion of molecular hydrogen in the presence of oxygen. They confirmed the work 
of Hobermann and Rittenberg (79) that hydrogenase is an iron porphyrin- 
protein complex active only in the reduced or ferrous state. This is in agreement 
with the finding of Claren (32) and Wieland and Pistor (182) that hydrogenase is 
inactivated by the presence of much oxygen. Additional observations on the 
Knallgas reaction have been made by Yamagata and Nakamura (190). 

Hydrogen utilization by methane producers.—Bacteria which ferment virtually 
all types of organic compounds with the formation of methane are found in 
abundance in soil, sewage, marine bottom deposits, lakes, rivers, canals, ponds, 
swamps, ef cefera (3, 8, 29, 30, 36, 44, 72, 83, 143, 171, 196). As a rule, it is much 
easier to demonstrate the presence of methane pre ucers than hydrogen pro- 
ducers. The inoculation of appropriate nutrient media with samples of such 
materials nearly always results in the production of methane, but it is often only 
with difficulty that hydrogen producers can be demonstrated. This has been at- 
tributed to the utilization of molecular hydrogen by methane-producing bacteria. 

Many workers have observed an inverse relationship between the amount of 
methane and hydrogen in gases formed from materials undergoing fermentation 


| 
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by mixed microflora (29, 111, 121, 150). The highest percentage of hydrogen 
generally occurs in the first gas produced, after which the content of hydrogen 
and carbon dioxide decreases and the content of methane increases. After pro- 
longed incubation of such mixed cultures no free hydrogen may be evolved, or 
added hydrogen may actually be consumed. This was first demonstrated in 1905 
by Séhngen (149), who observed the dissipation of 1,191 cc. of hydrogen and 300 
cc. of carbon dioxide by a formate culture from which he recovered 285 cc. of 


methane: 
+ = CH, + 2H.0. 


The ratio of hydrogen consumed to methane produced was 4.18 and the H2/COz 
ratio was 3.97, both ratios closely approximating the theoretical value of 4.00. 
The H2/COz ratio in one of Buswell’s (29) experiments in which pre-formed cells 
of methane bacteria consumed 3,415 cc. of carbon dioxide and 13,685 cc. of 
hydrogen with the production of 3,490 cc. of methane was 4.01. 

In two other experiments Séhngen (150) observéd the disappearance of g50 
and 1,000 cc. of hydrogen under the influence of 50 cc. of medium containing a 
pure culture of a methane producer in 25 days at 35°C. He also observed the 
utilization of hydrogen by cultures during the fermentation of calcium butyrate 
and calcium formate with the formation of more methane than could be ac- 
counted for by the carbon in the butyrate or formate, thereby indicating that 
carbon dioxide from calcium bicarbonate (the only other source of carbon in the 
medium) was reduced to methane. 

The observations of Séhngen were confirmed by Lieske and Hofmann (106) 
who showed further that carbon monoxide was also reduced by hydrogen to 
methane: 

CO 3He = CH, H.0. 
Using mixed cultures of bacteria, Fischer et al. (49) demonstrated the reduction 
of both carbon dioxide and carbon monoxide to methane by hydrogen. 

Hydrogenase produced by methane bacteria was found by Stephenson and 
Stickland (160) to catalyze the combination of molecular hydrogen with not only 
carbon dioxide and carbon monoxide but also with formic acid, formaldehyde, 
and methyl alcohol to give methane: 


HCOOH + 3H: = CH; + 
HCHO + 2H = CH, + H20 
CH;0H -- He = CH, 


Neither acetic acid, propionic acid, butyric acid, caprylic acid, ethyl alcohol, 
acetaldehyde, nor glucose was reduced to methane by hydrogen in the presence 
of hydrogenase, thereby leading Stephenson and Stickland (160) to conclude that 
only compounds with one carbon atom are reduced directly to methane. Recent 
observations by Schnellen (141a) indicate that even one-carbon-atom compounds 
may be first fermented to carbon dioxide before being reduced to methane. 
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In the methane fermentation of ethyl alcohol by an enrichment culture ob- 
tained from sewer mud, Barker (8) found that the alcohol was dehydrogenated 
almost quantitatively to acetic acid and at the same time there was consumed a 
quantity of carbon dioxide equivalent to the methane formed. Similar results 
were obtained with butyl alcohol. Barker favored the view that methane produc- 
tion by bacteria is a plain reduction by hydrogen of carbon dioxide or other one- 
carbon-atom compounds resulting from the breakdown of larger molecules. 
Using washed cells of Methanobacterium omelianskii, Barker (10) noted the 
formation of methane from the uptake of 92.4 cmm. of carbon dioxide and 326.0 
cmm. of hydrogen, a He/COs ratio of 3.53 as compared with 4.0 for the theoretical 


reaction: 
CO, + 4He = CH, + 2H.20. 


The reaction was found to occur between pH 5.2 and 8.6 and was nearly independ- 
ent of pH between 5.8 and 7.7. The carbon dioxide tension and the concentration 
of bicarbonate were influenced by the pH. The rate of hydrogen uptake and car- 
bon dioxide reduction changed greatly with carbon dioxide concentration, the 
rate approaching a maximum at about 3X10~ moles per liter of carbon dioxide. 

In experiments with carbon dioxide containing radioactive carbon, C", 
Barker ef a/. (13) demonstrated quite conclusively that two species of methane- 
producing bacteria, Methanobacterium omelianskii and Methanosarcina methanica, 
reduced carbon dioxide to methane, by showing that the methane contained 
radioactive carbon. These experiments considerably strengthen the generalization 
that the methane fermentation of organic as well as inorganic compounds is es- 
sentially an anaerobic process in which carbon dioxide acts as the ultimate hydro- 
gen acceptor and is reduced to methane. Some of the carbon dioxide was con- 
verted into bacterial cell substance (13). 

The conversion of a mixture of carbon dioxide and hydrogen to methane by 
Methanosarcina barkerit, Methanobacterium formicicum, and Methanobacterium 
omelianskii has been reported by Schnellen (141a). Other one-carbon-atom com- 
pounds tested lacked the ability to replace carbon dioxide as a hydrogen acceptor, 
although Ms. barkerii fermented methyl! alcohol and acetate and Mb. formicicum 
fermented formate with the formation of carbon dioxide, which could then be 
reduced to methane. The last two named organisms catalyzed the conversion of 
carbon monoxide into methane and carbon dioxide according to the equation: 


4CO 2H20 = CH, 3COr. 


The reaction was catalyzed even in an atmosphere of pure carbon monoxide. Evi- 
dence is presented by Schnellen (141a) that the methane formed by Ms. barkerii 
in an atmosphere of carbon monoxide and hydrogen results partly from the fer- 
mentation of carbon monoxide, as in the foregoing reaction, and partly from the 
reduction of the carbon dioxide. 

Reduction of COz to carboxylic acids.—Harden’s (68) observations in 1901 sug- 
gested that in the fermentation of glucose, Escherichia coli was able to catalyze 
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the following reversible reaction resulting in the formation or degradation of 


formic acid: 
CO. + H. = HCOOH. 


An increase in the partial pressure of carbon dioxide appeared to cause the reac- 
tion to go to the right. Increasing the hydrostatic pressure by 0.5 atmosphere 
increased the yield of formic acid from three to ten times. These observations were 
confirmed by Woods (186), who showed that E. coli produced an enzyme, formic 
hydrogenlyase, which catalyzed the reduction of carbon dioxide to formic acid 
when the partial pressure of hydrogen was increased. Hydrogen uptake by the 
system seemed to require the presence of both carbon dioxide and bicarbonate, 
the latter probably because of its effect on the pH. 

The formation of acetic acid by mixed cultures of methane bacteria was ob- 
served by Fischer ef al. (50), who believed it to be formed from the reduction of 
carbon dioxide by hydrogen in much the same way as methane is formed. 
Wieringa (183) isolated from mud an anaerobic spore former, Clostridium aceticum, 
which was able to oxidize hydrogen with the reduction of carbon dioxide and the 
formation of acetic acid: 


+ 4H: = CH;COOH + 2H20. 


The reduction of carbon dioxide with the formation of acetic acid by Clos- 
tridium thermoaceticum was demonstrated by Barker and Kamen (11). Two 
molecules of acetic acid were believed to be condensed and reduced further by 
Butyribacterium retigeri with the formation of butyric acid (12): 


All of the carbon atoms in the butyric acid were shown to be derived from carbon 
dioxide because the carboxyl, alpha, and beta carbon atoms were all radioactive, 
C'*, as was the carbon in the carbon dioxide from which the butyric acid was 
synthesized. 

Fixation of COz as microbial cell substance.—Many microorganisms have been 
observed to synthesize cell protoplasm from compounds formed by the reduction 
of carbon dioxide by molecular hydrogen. This is probably true of all of the auto- 
trophic bacteria which oxidize hydrogen. Kaserer (94) believed that Hydro- 
genomonas pantotropha synthesized cell substance by reducing carbon dioxide to 


formaldehyde: 
CO; + 2H: = (HCHO) + H.0. 


The formaldehyde might then be polymerized or condensed with the formation 
of more complex compounds. The consumption of carbon dioxide coupled with a 
ratio of H2/Oz consumed in excess of 2 and the accompanying development of 
cells of Bacillus pycnoticus in mineral-salts solution convinced Ruhland (140) that 
this autotrophic hydrogen oxidizer converted carbon dioxide into a carbohydrate- 
like compound. Under the most favorable conditions of growth Bacillus pycnoticus 


| 
2CH;COOH + 4H = CH;CH:CH.COOH + 2H:0. 
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consumed 6.8 volumes of hydrogen for each volume of carbon dioxide changed to 
organic carbon. 

Some, if not all, of the methane producers, which are strictly anaerobic, utilize 
carbon dioxide in the synthesis of cell material. This was proyed to be true of 
Methanosarcina methanica and Methanobacterium omelianskii, which converted 
into cell substance from 5 to 10 per cent of the total carbon dioxide assimilated, 
according to estimates made by Barker e¢ al. (13). Methanosarcina barkerii, which 
catalyzes the conversion of carbon dioxide and hydrogen into methane, used part 
of the gas mixture for building new cell material (141a). 

Gaffron (58) found that algae of the family Scenedesmus could activate and 
utilize molecular hydrogen in connection with several metabolic processes, in- 
cluding the reduction of carbon dioxide and other metabolites in the synthesis of 
cell substance. Additional examples of the utilization of hydrogen by photo- 
synthetic bacteria are cited by Gaffron (58). 

Reduction of organic substances by hydrogen.—Reference has already been 
made to the reduction of one-carbon-atom compounds, including formic acid, 
formaldehyde, and methyl alcohol with the formation of methane (8, 141a, 160). 
The hydrogenase, produced by Escherichia formica and other bacteria, was shown 
by Stephenson and Stickland (157) to catalyze the reduction of fumarate and 
methylene blue by molecular hydrogen. The reduction of fumarate and methylene 
blue by E. coli at the expense of hydrogen was demonstrated by Lascelles and 
Still (103). 

Farkas and Fischer (45) have investigated the hydrogenation of fumarate, 
maleate, malate, carbonate, and oxygen by Proteus vulgaris. The rate at which 
fumarate was reduced was directly proportional to the partial pressure of hydro- 
gen but independent of the fumarate concentration above 1/80 molar. The hy- 
drogenation of fumarate by heavy hydrogen (De) with the formation of isotopic 
succinate in the presence of E. coli has been studied by Farkas and Schneider- 


messer (46): 


by 
HOOC—C=C—COOH + D2.= 
D D 


The relative rates at which various amino acids and other compounds were 
hydrogenated with molecular hydrogen by suspensions of Clostridium sporogenes 
at pH 7.1, as reported by Hoogerheide and Kocholaty (82), are as follows, ar- 
ranged in order of decreasing reducibility: 


Hydroxylamine 100 Acrolein 47 Methionine 15 
Proline 100 Diacety] 40 Acetic acid 5 
Glycine 100 Acetaldehyde 33 Glutaric acid 5 
Ornithine 100 Glyceric aldehyde 26 Glyoxal 5 
Arginine 80 Cysteine 22 Oxalic acid 4 
Tryptophane 67 Tyrosine 20 Malonicacid 4 
Acetylmethylcarbinol 50 Cystine 16 Aspartic acid 2 


— 
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The amino acids were deaminized with the liberation of ammonia. Additional 
examples of the microbial reduction of organic substances with hydrogen are 
given by Claren (32) and Wieland and Pistor (182). 

Reduction of nitrate by hydrogen—Hydrogenase produced by Escherichia 
formica was shown by Stephenson and Stickland (157) to cause the reduction of 
nitrate in the presence of molecular hydrogen. Washed suspensions of two strains 
of E. coli studied by Woods (187) brought about the reduction of nitrate, nitrite, 
and hydroxylamine to ammonia in the presence of hydrogen: 


HNO; + 4H: = HN,OH + 2H20 
HNO, + 3He = NH,OH + H:0 
NH.OH He = NH,OH. 


Similar reactions were catalyzed by washed suspensions of Clostridium welchii 
(187). Bacillus hydrogenes Lebedeff (102) used hydrogen to reduce nitrate. 
Niklewski (120) claimed to have isolated an anaerobic organism, Hydrogenomonas 
minor, which reduced both nitrate and sulphate with molecular hydrogen, but 
no details were given. 

The reduction of nitrate or nitrite, like the reduction of oxygen, probably 
plays no important part in the utilization of hydrogen in petroliferous sediments, 
because neither nitrate, nitrite, nor free oxygen is present. However, in recently 
deposited sediments and in the overlying water where these hydrogen acceptors 
are commonly present, they may contribute to the depletion of hydrogen, or 
viewed from another angle, hydrogen-oxidizing bacteria may contribute to the 
depletion of oxygen, nitrate, and nitrite. 

Reduction of sulphate by hydrogen.—In 1907 Nikitinsky (117) demonstrated 
the presence of anaerobes in ditch water which utilized molecular hydrogen. It 
was suggested but not proved that hydrogen was oxidized at the expense of 
sulphate. In 1913 Kroulik (100) attributed the formation of hydrogen sulphide 
in a cellulose medium inoculated with hydrogen-producing anaerobes to the 
interaction of evolved hydrogen and sulphate. The following year Niklewski 
(120) reported that sulphate was reduced by hydrogen-oxidizing bacteria. 

In 1931 Stephenson and Stickland (157) worked with an enrichment culture 
of anaerobes from river mud which synthesized methane from a mixture of carbon 
dioxide and hydrogen and simultaneously reduced sulphate to sulphide at the 
expense of molecular hydrogen. From this culture they (158) isolated a new 
species, designated Strain 182, washed suspensions of which reduced sulphate to 
hydrogen sulphide with the consumption of hydrogen: 


H.SO, + 4H2 4H20. 
Strain 182 similarly reduced sulphite and thiosulphate to hydrogen sulphide. 


A mixed culture of organisms in canal water was observed by von Wolzogen 
Kiihr and van der Vlugt (177) to reduce sulphate while utilizing hydrogen. In one 
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experiment 200 cc. of gaseous hydrogen trapped over one liter of canal water was 
entirely consumed in 3 weeks. 

The ability of sulphate reducers to live autotrophically, obtaining energy 
from the oxidation of hydrogen and carbon from carbon dioxide or bicarbonate, 
was reported by Wight and Starkey (184). Such bacteria were believed by 
Starkey and Wight (154) to contribute to the anaerobic corrosion of metallic 
iron by utilizing the hydrogen which resulted from the reaction between iron 
and water: 

Fe + 2H.O = Fe(OH): + He (Anodic solution of iron) 


H.SO, + 4He = 4H2O + HS (Depolarization). 


The depolarization product, hydrogen sulphide, contributes further to the cor- 
rosion of iron by combining with the anodic solution of ferrous iron: 


Fe(OH)2 + HeS = FeS + 2H,0. 


Experimental evidence for the direct utilization of cathodic hydrogen on corrod- 
ing iron has been reported by Menard and Berkalof (112), Pomeroy (131), and 
Pont (132). Pont observed the growth of sulphate-reducing bacteria in a mineral- 
salts medium containing steel wool and no source of energy other than the hydro- 
gen resulting from the reaction of the steel wool with water. Carbon dioxide or 
bicarbonate was the only carbon source in the medium. Starkey and Wight (155) 
noted the reduction of sulphate in inorganic medium containing steel wool, which 
provided the hydrogen by reacting with water. 

In a medium containing lactate, sulphate reducers were observed by Starkey 
and Wight (155) to reduce more sulphate to hydrogen sulphide than could be ac- 
counted for by the quantity of lactate present. In 100 cc. of inorganic medium, 
sulphate reducers consumed 85-211 cc. of hydrogen in about 8 weeks at 28°C. 
while reducing sulphate to hydrogen sulphide. The carbon requirements of sulphate 
reducers, which grow in mineral medium and oxidize hydrogen, were satisfied by 
bicarbonate or carbon dioxide. Growth occurred only in strictly anaerobic media, 
the optimum redox potential ranging from E, —o.2 to —o.3 volt. Growth oc- 
curred between pH 5.5 and 8.5. 

Sulphate reducers isolated from recent marine sediments have been shown 
to consume hydrogen. In one series of experiments pure or partially purified cul- 
tures of sulphate reducers were planted in sea-water medium enriched with 0.02 
per cent each of calcium lactate, ascorbic acid, and ferrous ammonium phosphate, 
and 0.5 per cent potassium sulphate and a like amount of sodium bicarbonate. 
After 2 weeks’ incubation, during which period most of the lactate was utilized 
and a good crop of bacteria was produced, sterile 180-cc. bottles were filled to 
capacity in duplicate with the seeded medium. Then all but 20 cc. of the medium 
was replaced with hydrogen. Each culture bottle was fitted with a mercury manom- 
eter to provide for following changes in the gas tension and with connections to 
provide for collecting the gas for analysis at the conclusion of the experiment. 
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Controls indicated that a little hydrogen was lost through leakage, diffusion, or 
other experimental errors, but the amount lost was relatively small as compared 
with the amount that disappeared in the presence of sulphate-reducing bacteria. 
The amounts of gas consumed by different cultures in 6 weeks at 28°C. are given 
in Table IX. Total sulphides in the cultures were determined and calculated as 
hydrogen sulphide. 


TABLE IX 


HypROGEN CONSUMED AND HyDROGEN SULPHIDE PRODUCED IN 6 WEEKS AT 28°C. BY PURE OR 
PARTIALLY PURIFIED CULTURES OF SULPHATE REDUCERS IN 20 Cc. OF SEA-V’ATER MEDIUM 

ENRICHED WITH 0.02% Catcrum LACTATE, 0.02% ASCORBIC ACID, 0.02% 

FeNH,PQ,, 0.05% Soprum BICARBONATE, AND 0.5% PoTassituM SULPHATE 


Culture No. Source of Cultures H; Consumed Produced H2/HS 
(Cc.) (Cc.) 
XXIV: 39-1 Mud from Mission Bay 58 13 4-5 
XXIV: 39-2 San Diego Bay mud 41 8 Sad 
XXIV: 39-3 Sorrento Slough mud 43 9 4.8 
XXIV: 39-5 Deep sea mud 20 4 5.0 
XXIV: 39-7 Marine mud core 55 12 4.6 
XXIV: 39-8 Marine mud core 53 10 533 


In each case the ratio of hydrogen consumed to hydrogen sulphide produced 
exceeded the theoretical value of 4.0 which would result if hydrogen were oxidized 
quantitatively to hydrogen sulphide and water. This suggests that part of the 
hydrogen was used in other ways than the reduction of sulphate. Part of the 
hydrogen may have been used to reduce carbon dioxide in the synthesis of cell 
substance. Incidentally, the amount of hydrogen sulphide from sulphate reduc- 
tion that could result from the quantitative utilization of the lactate and ascorbic 
acid would be less than 1 cc. in the 20 cc. of culture medium. 

In similar experiments with a larger volume of culture medium and a smaller 
volume of gas, it was found that sulphate reducers caused the quantitative disap- 
pearance of hydrogen. 


DISCUSSION 


Fate of hydrogen in sediments—The demonstrated ability of sulphate reducers 
to utilize molecular hydrogen suggests that such bacteria may be instrumental in 
preventing the accumulation of hydrogen resulting from the fermentation of 
organic matter (29, 143), radioactivity (19, 23, 80, 81, 110, 144, 145, 172), or from 
various chemical reactions in the earth’s crust (116). Sulphate reducers appear to 
occur in abundance in recent marine sediments (191, 196), and they have been 
found in oil-well brines from various depths (14, 15, 60, 62, 63, 198). Of course, it is 
a moot question whether bacteria found in samples of reservoir fluids are in- 
digenous species or if they are adventitious species introduced during drilling or 
production practices. However, the continued abundance of bacteria in produced 
fluids for prolonged periods after anything has been introduced into the oil wells, 
the peculiar types of organisms found, evidence that sulphate has been reduced 
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to hydrogen sulphide, and the demonstrated ability of sulphate reducers to func- 
tion under similar environmental conditions all speak for the occurrence and 
activity of bacteria in certain petroleum deposits. 

Assuming that sulphate reducers or their enzymes have been active in source 
sediments of petroleum, each gram of hydrogen sulphide derived from sulphate 
could account for the utilization of no less than 2,600 cc. of hydrogen: 


+ 4H. = H.S a. 4H20. 


If the sulphate reducers developed autotrophically, as they are known to do under 
certain conditions (132, 155, 184), more than 700 cc. of hydrogen would disappear 
for each gram of hydrogen sulphide derived from the reduction of sulphate in 
this way. A large variety of organic compounds as well as certain petroleum 
hydrocarbons (169, 197, 198) are utilized as energy sources by sulphate reducers, 
but thermodynamically hydrogen would be the best source of energy for sulphate 
reduction, provided the necessary catalysts or enzymes were present. 

Competing for hydrogen in sediments might be methane-producing bacteria. 
The evidence (8, 10, 13, 29, 49, 106, 141a, 150, 160) seems to be conclusive that 
most, if not all, biologically produced methane results from the reduction of 
carbon dioxide or other one-carbon-atom compounds by hydrogen: 


CO: + 4H: = CH, + 2H.20. 


There is very little information on the occurrence of methane-producing bacteria 
in oil-bearing formations, but such bacteria are common inhabitants of recent 
sediments (3, 29, 30, 36, 44, 72, 196). Many methane producers are anaerobic, 
salt-tolerant thermophiles, which grow at temperatures at least as high as 65°C. 
and possibly higher. Methane producers have been found in oil sands (62) and in 
several samples of oil-well brines (198), although it is still uncertain whether 
these bacteria are indigenous or adventitious species. Nevertheless, the pos- 
sibilities that such bacteria have been active in source sediments of petroleum 
command attention. Even if living methane producers cannot be demonstrated, 
the possible effects of “resting” or pre-formed cells (10, 29) or their enzymes 
(160) should be carefully considered. 

Assuming that methane producers or their enzymes have been active in source 
sediments of petroleum, each cubic centimeter of methane produced by this 
mechanism could account for the disappearance of at least 4 cc. of hydrogen; more 
if the methane producers fixed hydrogen in the synthesis of cell substance as some 
are known to do (13). 

Also of geological importance is the reduction of bicarbonate or carbon dioxide 
by methane producers and other types of bacteria, because this could help explain 
the porosity of limestone. In the presence of water, carbonate dissociates to give 
bicarbonate and/or carbon dioxide, depending primarily on the pH: 


CO;—- — HCO;— — COs. 
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The consumption of carbon dioxide or bicarbonate would cause the reaction to 
proceed to the right. On the assumption that methane producers have done this, 
each cubic centimeter of methane thus formed could account for the disappear- 
ance of 4.27 milligrams of calcium carbonate. 

Also contributing to the dissolution of carbonates might be bacteria which 
reduce carbon dioxide to formic (68, 186), acetic (11, 50, 183), butyric (11), or 
other carboxylic acids (181). The production of formic acid has been shown to be 
reversible, an increase in the partial pressure of the gases causing the following 
reaction to go to the right (68, 186): 


CO, + He = HCOOH. 


Organic acids produced by such a mechanism would not only fix carbon dioxide, 
but the acid itself would tend to convert carbonate into carbon dioxide: 


CaCO; + 2HA = + 


where A is an acid radical. Of course, it is highly problematical whether such 
bacteria have been active in source beds of petroleum, but the possibilities in- 
dicate the desirability of exhaustive research work to determine all of the facts. 

Besides utilizing hydrogen for methane production, sulphate reduction, and 
the formation of organic acids, bacteria may activate the hydrogenation of or- 
ganic compounds, thereby forming compounds which are more petroleum-like. 
The microbial reduction of fumarate (45, 46, 103, 157), amino acids (82), un- 
saturated fatty acids (198), and other organic compounds (31, 43, 82, 182) by 
molecular hydrogen has been reported. The competition for hydrogen by methane 
formers, sulphate reducers, and other types of bacteria which fix hydrogen might 
explain the exiguity or lack of hydrogen in source beds of petroleum and at the 
same time help to account for the origin of oil. 

Microbial production of hydrogen in sediments.—The literature and data sum- 
marized hereinbefore indicate that sedimentary materials harbor numerous 
species of bacteria capable of fermenting a large variety of organic compounds 
with the formation of hydrogen. 

Experiments with enrichment cultures of hydrogen producers indicate that 
40-50 cc. of hydrogen may be liberated for each gram of organic matter in marine 
sapropel that is fermented. As much as 80 cc. of hydrogen may be liberated from 
the fermentation of one gram of carbohydrate (29). 

Hydrogen-producing bacteria are believed to be active in recent organic sedi- 
ments, where the affinity of other reactants for hydrogen prevents its accumula- 
tion. The depth to which hydrogen-producing bacteria are active in older sedi- 
ments is probably limited primarily by the amount of utilizable organic matter 
present. Finding hydrogen-producing bacteria in oil-well brines (198) and oil 
sands (62) is significant. Much more work will have to be done on the occurrence 
of utilizable organic matter and hydrogen-producing bacteria in petroliferous 
sediments before the role of such bacteria in the origin of oil can be appraised, 
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although available information indicates that such bacteria may play an impor- 
tant role, particularly in the early stages of the decomposition of organic matter. 

Porfiriev (134) has expressed the view that the bacterial fermentation of 
organic matter is the source of hydrogen for the hydrogenation reactions which 
result in the formation of oil. Pratt (135) contended that the natural evolution of 
oil consists essentially of a hydrogenation or methylation process, but he deplored 
a lack of the requisite hydrogen. The catalytic hydrogenation theory of oil forma- 
tion is also questioned by Brooks (26) owing to the lack of hydrogen in natural 
gas. 

Amicrobial generation of hydrogen Nichols (116) has summarized several 
chemical reactions which may account for the formation of free hydrogen in the 
earth’s crust when conditions are right. Most of these reactions require rather 
high temperatures, so if they occur at all, most likely it would not be in environ- 
ments where petroleum occurs. However, it is conceivable that some hydrogen 
may be formed at great depths in the earth’s crust and diffuse toward the surface. 
In this latter category is hydrogen that may result from the action of superheated 
steam on carbon in the presence of an appropriate catalyst: 


This reaction is rather highly endothermal and a continual supply of energy must 
be provided or the reaction will cease shortly. Superheat in steam is not sufficient; 
the carbon must be at the point of incandescence. 

Another possibility is the reaction of superheated steam with ferrous oxide: 


3FeO + = He + FesOu. 


It should be pointed out that the higher oxides of iron are very rarely found below 
the water table, so if the above reaction takes place, it would be under exceptional 
rather than general conditions. 

It has been postulated that ferrous sulphide may react with hydrogen sulphide 


to yield hydrogen: 
FeS H.S = He. 


It is yet to be established that this reaction will take place under conditions found 
within the “geological fence’’ (38a), although Heck (77) has presented an interest- 
ing argument that the reaction between ferrous sulphide and hydrogen sulphide 
may provide hydrogen for the hydrogenation of organic matter in the genesis of 
petroleum. He stated that oil-bearing sediments generally contain FeSe and not 
FeS, although FeS is formed by the reaction of ferrous iron with hydrogen 
sulphide from reduced sulphate. 

According to data summarized by Clarke (33), free hydrogen has long been 
known to be present, even in high concentrations, in the gases from many 
volcanoes. It is almost universally present in igneous rocks, and the older igneous 
rocks show higher concentration of molecular hydrogen than the geologically 
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younger igneous rocks. On a basis of many analyses, it has been estimated that 
one cubic kilometer of granite would yield 5,293,000,000 cubic meters of hydrogen 
(at normal temperature and pressure). One 100-gram sample of granite yielded 
134.61 cc. of free hydrogen (33). This hydrogen may result from chemical reac- 
tions or from the radioactivation of compounds containing hydrogen. 

Radioactivity may be an important source of hydrogen in earth formations. 
The work of Lind and Bardwell (110) and Honig and Sheppard (81) has shown 
that the alpha-particle bombardment of gaseous hydrocarbons results in the 
liberation of appreciable quantities of hydrogen. The formation of hydrocarbons 
and much hydrogen from the alpha radiation of organic acids has also been re- 
ported (23, 80, 145, 146). These observations are very significant in view of the 
distribution of radioactivity in petroliferous sediments (16, 17, 19, 144) and the 
rather common occurrence in natural gases of helium (42, 47, 48, 105), a by- 
product of radioactivity. 

Lind (107, 108) advanced a theory to account for the formation of paraffinic, 
and possibly other, hydrocarbons from the polymerization and condensation of 
lower members of the series under the influence of radioactivity. The theory has 
been championed and amplified by A.P.I. Research Project 43C workers (16, 17, 
19, 23, 80, 81, 144, 145, 146). The theory that radioactivity has contributed to 
the origin of oil seems plausible, except for the objection that alpha radiation 
causes the liberation of hydrogen from all compounds containing hydrogen which 
have been bombarded, and hydrogen is generally absent in oil-bearing formations. 
This objection should be reconsidered in view of the ready utilization of hydrogen 
by methane-producing, sulphate-reducing, carbon dioxide-fixing, and other types 
of bacteria. Moreover, as has already been pointed out, hydrogen is actually 
sometimes present in natural gas associated with petroleum. 

Radioactivity may activate the combination of hydrogen with various com- 
pounds. Alpha particles from radon in mixtures of carbon monoxide and hydrogen 
resulted in the formation of formaldehyde, water, and mostly methane, according 
to Scheuer (141). Lind and Bardwell (109) were unable to confirm this observa- 
tion, but they did show that the alpha-particle bombardment of a 1:1 mixture 
of carbon monoxide and hydrogen resulted in the disappearance of the reactants 
with the formation of carbon dioxide and a white, non-crystalline, paraffine-like 
solid. The alpha-particle bombardment of a 1:2 mixture of carbon dioxide and 
hydrogen yielded water plus an unidentified addition product of the two react- 
ants, but no methane (109). 

Some thermodynamic considerations——The free energy of reaction, conven- 
tionally expressed as a AF value, is a factor which determines whether a given 
reversible reaction may take place spontaneously in the presence of appropriate 
catalysts and concentrations (activities). A negative AF indicates that the 
tendency will be for the reaction to go to the right, a positive AF indicates that 
the tendency will be for the reaction to go to the left. It would require the ap- 
plication of work, electrical energy, or some other form of free energy from out- 
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side sources to make a reaction having a positive AF proceed to the right. 

The AF values for the following reactions have been calculated from the free 
energies of formation of gram-molar quantities of reactants at the standard state 
(6), namely, 1 mole per 1,000 grams of solvent, 1 atmosphere of gas pressure, and 
25°C. The AF values are influenced by the temperature, concentrations (ac- 
tivities), partial pressures, and other factors. 

It is noteworthy that most of the bacterially catalyzed reactions discussed 
above involving the reduction of oxygen, carbon monoxide, carbon dioxide, or 
sulphate with hydrogen have negative AF values, or in other words the reactions 
yield energy: 


I 2H, + O2 = 2H,0; AFo9g = — 113,380 calories 
II + CO = CH, + AF 29s = — 35,760 calories 
III 4H. + CO2. = CH, + 2H:0; AFo93 = — 31,030 calories 
IV 4H, + 2CO,. = CH;COOH + 2H20; AFe29s = — 20,690 calories 
V 4H. + H:SO, = + 4H:0; = — 56,750 calories. 


In the standard state the formation of formic acid from carbon dioxide and hydro- 
gen requires energy: 


VI H: + CO: = HCOOH; AF29s3 = + 6,340 calories. 


Ordinarily the reaction would proceed to the left, as indicated by the positive AF 
value, but when the concentration of formic acid is extremely low and the partial 
pressure of gases is relatively high, AF is negative and the reaction has been 
observed to proceed spontaneously to the right when catalyzed by hydrogenase 
(68, 79, 156, 186). The synthesis of formaldehyde (or other progenitor of bacterial 
cell substance) from the reduction of carbon dioxide by hydrogen likewise requires 
energy (positive AF value) under standard conditions: 


VII 2H. + CO: = (HCHO) + H:0; AF 293 = + 6,740 calories. 


While the concentration of reactants could be adjusted to make the reaction 
exothermic, ordinarily bacteria obtain energy from other reactions to synthesize 
cell substance. This energy can be obtained from the concurrent oxidation of 
hydrogen by bacteria which catalyze reactions I, ITI, or V and from other reactions. 

Hydrogen production from higher fatty acids requires energy as indicated by 
reaction IV and the following hypothetical reaction for the fermentation of bu- 
tyric acid: 


VIII C;H;COOH + 6H:0 = 4CO2 + 10H2; AFe9g = + 53,840 calories. 


This reaction will proceed to the right, or hydrogen will be formed, only if con- 
siderable energy is available from other concurrent reactions catalyzed by bac- 
teria; or more likely some molecules of butyric acid will be oxidized to lower fatty 
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acids to provide energy for the conversion of a few molecules into hydrogen and 
carbon dioxide. The AF values for the fermentation of glucose (IX), glycerol (X), 
and other carbon compounds with the formation of hydrogen are positive or only 
slightly negative as compared with free energy of formation of the reactants: 


IX + 6H20 = + AF 298 = 8,580 calories 
xX C3;Hs03 + 3H2O = 3CO2 + AFo9s = + 320 calories. 


Since bacteria are not perfect machines, they cannot be expected to catalyze 
spontaneously such reactions as IX and X where the —AF is only a small part 
of the free energy of formation of the reactants. The “free energy efficiency” of 
bacteria for the few reactions that have been studied ranges approximately from 
5 to 30 per cent (6). This helps to account for the relatively low yields of hydrogen 
obtained from such reactions; most of the organic compound being oxidized to 
lower alcohols, aldehydes, or fatty acids in order to yield enough energy for the 
life processes of the bacteria. This is in agreement with experimental data. 

The foregoing examples should suffice to illustrate that hydrogen formation 
from organic compounds by bacteria is a reaction which requires the expenditure 
of energy. The liberation of hydrogen from methane or other hydrocarbons, which 
may be energized by alpha radiation (81, 110), also requires energy: 


XI 2CH,y = C2He + He; AF 293 = + 16,340 calories 
XII 2CsHg = CyHio + He; AF 293 = + 11,520 calories. 


The alpha radiation of any hydrocarbon or other hydrogen-containing compound, 
including water, results in the liberation of hydrogen, according to Lind (108). 
He declared that ‘The absence of hydrogen in natural gases is still anomalous, 
since we know it must be liberated in the earth’s crust. . . .”’ Some of the reactions 
summarized above (I-V) which are known to take place under conditions out- 
lined by the ‘geological fence” (38a) may help to explain the absence of hydrogen 
as well as the origin of oil. 

The positive AF values for reactions XI and XII indicate that in the standard 
state there would be a tendency for higher hydrocarbons to revert to methane, 
on the assumption that the reactions are reversible. In the standard state reaction 
XI, for example, would probably go to the left unless the concentration of meth- 
ane is high compared with the concentrations of hydrogen or ethane. Taking 
1.35 Xlog (P2/Pi) as the factor for the free energy of dilution, where P; and Ps 
are two different partial gas pressures, it is calculated that equilibrium could be 
established, or AF29s would equal zero, when the partial pressure of methane is 
8.12 X10 times greater than the partial pressure of either hydrogen or ethane. 
If the difference in partial pressures is greater than this, the tendency would be 
for reaction XI to proceed to the right spontaneously in the presence of an ap- 
propriate catalyst. 

Some theoretical reactions Although reactions like XI and XII, in which 
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lower hydrocarbons are converted into higher members of the series, require en- 
ergy in the standard state, the hydrogen which is liberated provides a potential 
source of energy when oxidized. For example the formation of one gram-molecule 
of hydrogen from the condensation of methane, as in reaction XI, requires 
16,340 calories of free energy, but the oxidation of this hydrogen by sulphate 
reducers, as in reaction V, theoretically could produce 16,520 calories. These 
values can be compared with 11,520 calories required to liberate a gram-molecule 
of hydrogen from the condensation of ethane, as in reaction XII, and a yield of 
7,800 calories of free energy from the oxidation of a gram-molecule of hydrogen 
to methane, as in reaction III. Assuming such an origin of higher hydrocarbons 
from the condensation, polymerization, or methylation of lower members of the 
series, the oxidation of the resultant hydrogen by sulphate reducers or methane 
producers theoretically could provide enough calories to give favorable free en- 
ergy balances. Assuming further that additional hydrogen or energy becomes 
available from other reactions, for example, radioactivity, and that the partial 
pressures of the lower hydrocarbons are greater than the partial pressures of the 
higher members of the series, as would be the case if higher hydrocarbons are 
formed by such a mechanism, the free energy balances may be more than ade- 
quate to permit the condensation reactions to proceed spontaneously at ordinary 
temperatures. These favorable free energy balances, together with the demon- 
strated ability of bacteria to oxidize hydrogen and the ability of alpha radiations 
to form higher hydrocarbons from lower members of the series seems to indicate 
the desirability of thoroughly examining the possibilities of some hydrocarbons 
having had such an origin. 

Lind (107) has asserted that there is a definite chemical reactivity among 
hydrocarbons, enabling them to spread out in both directions to give a great 
variety of hydrocarbons found in petroleum. He cites the work of Wilson on the 
thermodynamics involved to corroborate his hypothesis that the alpha radiation 
of any single member should result in the formation of all other members of the 
hydrocarbon series both high and low. 

The formation of higher hydrocarbons may be a process of condensation and 
polymerization of methane and simple hydrocarbons as postulated by Lind (107), 
or it may involve the reduction and addition of carbon dioxide: 


III CO. + 4H. = CH, + 2H20; AF29g = — 31,030 calories 
XIII CH, + + 3He = C2He + 2H20; AF29s = — 14,890 calories 
XIV + + = C3Hg + 2H20; = — 16,890 calories 
XV C3Hs + + 3He = CsHio + 2H20; = — 17,010 calories 


XVI CsHio + CO2 + 3He = + 2H2O; AFe9g = — 16,500 calories. 


Reaction IIT is known to be catalyzed by methane-producing bacteria; reactions 
XIII-XVI or similar reactions may possibly be catalyzed by bacteria, alpha 
radiations, or other catalytic agents. 
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The free energy values for the standard state are larger when higher hydro- 
carbons are converted into lower members of the series, as indicated by reactions 
XI, XII, and the following hypothetical reactions: 


XVII 2C2He+ CO2+ 4H2= C3Hg+2CHy+2H20; AF293= — 32,870 calories 
XVIII 2C3Hg+ COo+ 5He= AF29g= — 49,390 calories 
XIX 2CsHip + CO2+6H2 = AF29g= — 60,700 calories 


XX C2H¢+ CO2+ 3He = 3CH4+ 2H20; AFo9s= — 47,570 calories 
C3Hs+ 2H20O; AF 293 = — 61,910 calories 
XXII CyHio+ 5H2 = 5CHs+2H:20; AF — 75,430 calories. 


The large negative AF values in reactions XVII-XXII suggest that the normal 
tendency would be for higher hydrocarbons to revert to methane, and this may 
actually take place unless counteracted by high partial pressures of methane. 
The partial pressure of methane may be considerably greater in microspheres or 
structural traps of microscopic dimensions in petroliferous sediments than indi- 
cated by the analysis of natural gas. 

Though highly hypothetical, reactions XIII—XIX suggest exciting possibili- 
ties to account for the formation of higher hydrocarbons from lower members of 
the series. If such reactions could be catalyzed, hydrogen would be the principal 
limiting factor in the amount of higher hydrocarbons that could be produced. 
There are reasons for believing that bacteria may be able to catalyze such reac- 
tions, although conclusive proof is lacking. In this connection it is significant to 
point out that virtually all types of hydrocarbons are attacked by bacteria in the 
presence of free oxygen (197), a reaction which requires the enzymatic activation 
of one or more carbon atoms in the hydrocarbon. If such carbon atoms are enzy- 
matically or catalytically activated in the presence of hydrogen at low redox 
potentials (195), the hydrocarbons may conceivably react with carbon dioxide 
as indicated by reactions XIII-X- XII. Hydrogen may be supplied by the bacterial 
fermentation of organic matter, various chemical reactions, or by the alpha radi- 
ation of compounds containing hydrogen. Such a theory to explain the formation 
of some petroleum hydrocarbons does not preclude the possibility of others result- 
ing from the degradation or modification of the remains of plants and animals by 
other processes. 

It is the writer’s present belief that petroleum has been formed primarily from 
organic matter by multiple reactions. Part of the hydrocarbons and other con- 
stituents of petroleum are synthesized in the cell materials of plants, animals, and 
bacteria, buried in sediments, and preserved intact. Part results from the degra- 
dation and modification of organic matter after its burial in sediments, under the 
influence of biological, chemical, and physical agents. While much methane may 
result from the reduction of carbon dioxide by hydrogen, most of the carbon 
dioxide and a goodly part of the hydrogen probably had an organic origin. The 
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polymerization of hydrocarbons by reactions similar to those outlined above ap- 
pear to be thermodynamically possible and may occur under certain conditions. 
Other conditions may be conducive to the fragmentation of larger molecules with 
the formation of lower members of the series. The transfer of hydrogen character- 
izes both types of reactions. The evidence seems quite conclusive that bacteria 
may contribute to the reactions by catalyzing either the formation or the utiliza- 
tion of hydrogen. 
SUMMARY AND CONCLUSIONS 

A review of the literature reveals that bacteria capable of fermenting organic 
matter with the formation of hydrogen commonly occur in soil, swamps, sedi- 
ments, sewage sludge, and elsewhere in nature. More than thirty bacterial species 
endowed with this ability are listed. 

Up to 10,000 hydrogen-producing bacteria per gram have been demonstrated 
in samples of marine bottom deposits, when treated to inhibit the activity of 
hydrogen-consuming bacteria which also commonly occur in bottom deposits. 
Both types of organisms have been found in reservoir fluids and in oil sands. 

The formation of free hydrogen is limited primarily by the presence of hydro- 
gen-oxidizing bacteria and the availability of organic matter. Sugars, starches, 
cellulose, polyhydric alcohols, peptones, amino acids, and fatty acids are fer- 
mented with the formation of hydrogen. 

Hydrogen production has been observed at redox potentials ranging from 
E,—0.05 to —o.45 volt and at reactions ranging from pH 5.5 to 9.8. 

Hydrogenlyase and hydrogenase are enzymes which catalyze the liberation 
of hydrogen, some of the reactions being reversible. 

There is generally little or no free hydrogen in marsh gas or other natural 
gases, in spite of the presence and probable activity of hydrogen-producing bac- 
teria. This is attributed to the microbial utilization of hydrogen as fast as it is 
produced. Septic samples of soil, sewage sludge, coal-mine water, oil-well brines, 
and marine muds consume molecular hydrogen. 

Several types of hydrogen-oxidizing bacteria are listed, including species 
which reduce oxygen, nitrate, nitrite, bicarbonate or carbon dioxide, carbon 
monoxide, sulphate, sulphite, thiosulphate, various amino acids, aldehydes, alco- 
hols, carboxylic acids, and other compounds. Of particular interest are various 
hydrogen-oxidizing anaerobes which convert bicarbonate or carbon dioxide into 
methane, simple carboxylic acids, or other compounds. Such bacteria may help 
to account for the general absence of hydrogen in natural gas, the porosity of lime- 
stone, and the origin of oil. Certain sulphate reducers found in sediments also oxi- 
dize hydrogen with the formation of hydrogen sulphide. The general occurrence 
of free hydrogen in igneous rocks as contrasted with its relative absence in sedi- 
ments supports the view that bacteria eliminate hydrogen. 

Hydrogen may be generated by chemical reactions in the earth’s interior, by 
the alpha radiation of compounds containing hydrogen, and by bacterial activity. 
Besides contributing to the generation of hydrogen, radioactivity may energize 
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the polymerization or condensation of simple hydrocarbons into higher members 
of the series. The free energy values of several reactions involving hydrogen 
transfers, some of which are known to be catalyzed by bacteria, are calculated 
to demonstrate the possible importance of such reactions in the origin of oil. 

Whether the hypothetical reactions involving the transfer of hydrogen result 
in the formation of higher hydrocarbons or lower members of the series would 
depend partly on the concentration (activity) of the reactants and partly on the 
availability of energy. It is estimated that the bacterial oxidation of hydrogen 
could provide the necessary energy, not to mention the energizing influence of 
radioactivity and other catalytic agents. 

While such reactions could conceivably account for the formation of some pe- 
troleum hydrocarbons, it is believed that the great bulk of the hydrocarbons 
and other constituents of petroleum result from the degradation, transformation, 
or hydrogenation of organic matter by other mechanisms. 
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GEOLOGY AND WATER RESOURCES 
OF SOUTHERN OKINAWA! 


D, J. CEDERSTROM? 
Charlottesville, Virginia 
ABSTRACT 

Okinawa is nearly midway between Japan and Formosa. This report deals with the southern 
third of the island, and particularly with the structural geology and water resources. The rocks present 
are Paleozoic schists, the Shimajiri formation of Miocene-Pliocene age, the Ryukyu limestone of upper 
Pliocene or lower Pleistocene age, and Recent beach sands, coral reefs, and alluvium. In southern 
Okinawa the Shimajiri formation (Miocene-Pliocene) laps upon the schists (Paleozoic) and was folded 
before the deposition of the Ryukyu limestone (Pliocene or Pleistocene). The Ryukyu limestone and 
older rocks were later gently folded along northwest-southeast axes. Compaction of the sediments 
over a buried ridge of schist created the Buckner anticline, the axis of which extends north-northeast 
and south-southwest through the area mapped. Faults parallel with this axis are regarded as causally 
related to it. Major physiographic effects are discussed. 

Large streams, some of which must be dammed if water is to be available during low-flow periods, 
and several very large springs are major sources of water. Wells are practicable in the limestone in 
relatively few places and will have rather small yields. Limited sand deposits will furnish small sup- 
plies of water but only very small yields are to be expected from the alluvium and the Shimajiri 


formation. 
INTRODUCTION 


On April 4, 1945, the writer was assigned temporarily to the Navy Depart- 
ment for special ground-water studies in the Pacific area. This assignment was 
a tour of duty on Okinawa under Commodore A. Bisset of the Naval Construction 
Battalions (Seabees). Commodore Bisset was at that time in command of all 
construction troops on the island and the writer functioned as staff officer in the 
headquarters company. 

The writer arrived on Okinawa on April 15 and was subsequently assigned to 
the southern third of the island, being called upon for reports on rocks for con- 
struction use, flow of streams, and locations of springs, in addition to studies per- 
taining to well-water supplies. Preliminary maps and progress reports were issued 
at intervals and a final map and report on the area was transmitted to Commo- 
dore Bisset on August 1, 1945. 

GEOGRAPHY 


The Ryukyu Islands (Nansei Shot6) form an arc extending from southern- 
most Japan south-southwestward to Formosa, a distance of over 700 miles (Fig. 


1 Published by permission of the Director of the United States Geological Survey. Manuscript 
received, June 20, 1947. 

2 Associate geologist, United States Geological Survey. The writer is indebted to Commodore 
Bisset and to staff members of the headquarters company of the Commander of Construction Troops 
in facilitating field work on Okinawa. Special acknowledgment is due Kenneth L. Stimpson, C M 1/c, 
who acted as driver, bodyguard, and companion. Several aspects of the northern part of the area were 
profitably discussed with Frank A. Swenson, who worked concurrently with the writer on geologic 
problems in the middle and northern parts of the island. This paper was prepared under the direction 
of O. E. Meinzer and A. N. Sayre of the Ground Water Division, Water Resources Branch, of the 
Geological Survey. Thanks are due many members of the Geological Survey for criticism of the manu- 
script. In particular, members of the Section of Military Geology who made field studies in Okinawa 
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1). Okinawa, the largest island in the group, lies midway between Japan (Kyushu) 
and Formosa, and between latitudes 26° 52.3’ and 26° 0.2’ N. and longitudes 
127° 28’ and 128° 20’ E. It is about 800 miles west of Iwo Jima, 400 miles east of 
the China mainland, 1,400 miles northwest of Guam, and 700 miles north-north- 
east of Luzon. 


WORK OF PREVIOUS INVESTIGATORS 


Shéshiré6 Hanzawa® published an account of the geology of the Ryukyu is- 
lands in 1935, in which the regional background and relationship of Okinawa to 
other islands was treated in detail. The recapitulation of the broad phases of 
geology of the Ryukyu Chain given in this report is taken entirely from his work. 

Hanzawa described the topography and geology of Okinawa briefly, although 
the map which accompanies his report is detailed. The map accompanying the 
present report shows a number of major differences in the distribution of the 
rocks, mostly in places where large-scale war-construction activities removed 
soil and gravel cappings and brought forth details of bedrock geology not formerly 
available. In consideration of the abundance of new evidence, Hanzawa’s map has 
stood up well. 

In addition to the studies of Hanzawa, special credit should be given to B. 
Kot6 for his conclusions on the geology of the Ryukyu Chain as a whole, pub- 
lished 1898‘ and to S. Tokunaga® who, among other things, first recognized the 
“raised coral reefs,” which were later designated® the Ryukyu limestone and 
shown to be distinct from younger true raised coral reefs. 

Ryukyu Chain.—The Ryukyu Chain of islands is arranged in a curve stretch- 
ing from Japan to Formosa and is divisible into three longitudinal zones.? The 
inner (western) volcanic zone is traceable from a volcano at the northernmost part 
of Formosa to the volcano Aso in the northern part of Kyushu (Japan),® and 
includes the volcanic islands, Aguni and Kumi, off Okinawa (Fig. 1). The middle 
zone, which comprises the larger islands of the chain, is composed of Paleozoic 
rocks and includes Yaku, Amami, Ie, the northern part of Okinawa, the Kerama 
Retto, and part of the Yaeyama Retto. The eastern or outer group, including 


subsequent to the writer’s visit have been most helpful and have given much constructive criticism 
and advice. Miss N. Morris of the Charlottesville office of the Ground Water Division prepared the 
illustrations accompanying this report. 


8 Shéshiré Hanzawa, “Topography and Geology of the Ryukyu Islands,” Science Reports Téhoku 
Imperial University, 2d Ser., Vol. 17 (1935), pp. 1-61. 
4B. Koté, “Geological Structure of the Riukiu Curve,” Jour. Geol. Soc. Téky6, Vol. 5, p. 1. 


5S. Tékunaga, “Notes of the Raised Coral Reefs in the Islands of the Riukiu Curve,” Jour. Coll. 
Sci. Imp. Univ. Tékyé, Vol. 16, Pt. 1. 


6H. Yabe, and S. Hanzawa, “Tertiary Foraminiferous Rocks of Taiwan (Formosa),” Scz. Rep. 
Téhoku Imp. Univ., 2d Ser. (Geol.), Vol. 14, No. 1, p. 8. 


7B. Kot6, op. cit. 
8R. V. Richthofen, “Die Morphologische Stellung von Formosa und Riukiu Inseln,’’ Geomor- 
phologische Studien aus Ostasien, ITI, p. 966. 
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Tanega, Kikai (east of Amami), the southern part of Okinawa, and the Miyako 
Retto, are made up of Tertiary and younger rocks. 

The Ryukyu arc is separated from the Asiatic continental shelf by an elon- 
gate, deeply depressed basin, the depth of which ranges from 1,000 to more than 
2,000 meters. ‘‘The volcanic islands of the inner zone rise sheer from the bottom 
of this deep.”’® East of the Ryukyu Chain is the Ryukyu trench or foredeep, 
reaching depths of 7,000 meters. East of this trench are three limestone islands 
on a high submarine ridge, elongate north and south. 

Most of the islands of the archipelago are surrounded by submerged shelves.’® 
The two large northern islands are on the same shelf as Kyushu and are separated 
from islands on the south by Tokara Kaikyo (strait), 2,000 meters deep. The 
islands on the south of the strait are separated by considerably shallower seas. 
Okinawa, Kume, and Kerama Retto rest on the one shelf which is, however, 
separated from Aguni by a sea 800 meters deep and from the islands on the south- 
west by a sea more than 1,000 meters deep. 

Because the deep-sea basins are developed across the strike of the Paleozoic 
formations they are thought to be faults or rifts." 

Résumé of geologic history —The geologic history of the Ryukyu islands has 
been summarized” as follows. First, the Paleozoic (probably Permian) sand- 
stones, shales, and limestones were deposited. In late Permian or early Mesozoic 
time the sediments were intruded by granite and other igneous rocks, thus form- 
ing the nucleus of the future Ryukyu Cordillera. Folding, faulting, and regional 
metamorphism accompanied the rise of the great cordillera during the Mesozoic. 

In late Eocene time, transgression of the sea and deposition of the Miyara 
limestone and subordinate sandstone and conglomerates occurred in certain 
islands southwest of Okinawa. Land conditions prevailed in Oligocene and lowest 
Miocene time; during this time interval tilting, but not metamorphism, of the 
Miyara formation took place. In Miocene-Pliocene (Neogene) times the Ryukyu 
Cordillera was widely inundated and the coal-bearing Yaeyama formation, the 
Shimajiri formation and the Sonai conglomerate were laid down in succession. 

Of these the Shimajiri beds are widespread in southern Okinawa; the others occur 
only in the Yaeyama Retto. The lower part of the Yaeyama and the upper part 
of the Shimajiri beds contain volcanic material, indicating two periods of volcanic 
activity. These deposits were then gently folded and subjected to erosion. If it 
be granted that submarine valleys adjacent to the Ryukyu Islands were formed 
subaerially at this time, then the islands were elevated more than 700 meters 
above their present position. At that time the entire region of Formosa, the 
Ryukyu Islands, the Japanese islands, and the Kuriles were dry land connected 


9 Shéshiréd Hanzawa, op. cit., p. 5. 
10 Thid., p. 10. 

1B, Kot6é, op. cit. 

12 Shéshiré Hanzawa, op. cit., p. 17. 
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with the Asiatic continent, while the easternmost part of the China Sea and con- 
necting seas on the north were almost entirely landlocked basins."* Tokara Kaikyo 
(strait) was probably open, permitting communication with the Pacific Ocean. 

The Ryukyu Chain was then submerged in upper Pliocene or lower Pleis- 
tocene time and the Ryukyu limestone was deposited. It rests with angular un- 
conformity on the Shimajiri formation in southern Okinawa (Fig. 11). In this 
stage only the tops of the larger islands remained above sea level. Emergence 
followed and the Ryukyu Chain became three large islands. According to Han- 
zawa, the island was then inundated by a non-coralliferous Pleistocene (?) sea 
which cut successive coastal terraces 80-100 meters in elevation” in its periodical 
retreats, leaving behind on the terraces beach and fluviatile deposits’ named 
by him the Kunigami gravel. After this 

A crustal disturbance that set in later tilted the Kunigami gravel with the Ryukyu 
limestone .. . the seas lying between Okinawa and Miyako... were in all probability 
deepened by the latest tectonic movement. 


However, in this report the existence of the ““Kunigami gravel” is denied. The 
writer’s studies show that only a few patches of material might be considered 
Kunigami by any standard, and subsequent field work by other members of the 
Geological Survey strongly suggests that the so-called Kunigami is all weathered 
material derived from certain sandy and gravelly facies of the Ryukyu lime- 
stone.'® 

Hence, the interpretation adopted here is that the Ryukyu limestone and 
older rocks were gently folded and faulted after the deposition of the Ryukyu 
limestone. Subsequent uplift and subaerial erosion then resulted in the formation 
of seaward-sloping terraces. 

Subsequently sea-level rose 20 meters or less and fringing reefs and beaches 
formed. These were later elevated from 2 to 20 meters above sea-level. 


GEOLOGY OF SOUTHERN OKINAWA 
AREA 


The area covered in this report extends roughly southward from a line drawn 
from the mouth of the Bisha Gawa (river) to the mouth of the Tengan Gawa 
(Fig. 2). A little of the area to the north is included in order to bring out the 
relationship of the Tertiary rocks to the Paleozoic rocks. The area mapped is 
about 20 miles long; in the northern part the island is about 10 miles wide but the 
narrow waist of the island above Shuri is only 3} miles wide. 


13H. Yabe, “The Latest Land Connection of the Japanese Islands to the Asiatic Continent,” 
Proc. Imp. Acad., Tékyé4, Vol. 5, No. 4, p. 168. 


4 200-meter terrace is also present in a few places. 
6 Shéshiré6 Hanzawa, op. cit., p. 13. 
16 John Rodgers, personal communication, October 8, 1946. 
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Fic. 3.—Outline map of Okinawa showing area described. 


CULTURE 


The island is inhabited by the Okinawans or Ryu-Kyus, who are classed as 
Japanese nationals but are distinct from either the Chinese or Japanese. The is- 
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land is rather heavily populated in relation to the arable productive land; the 
arable sections contain literally hundreds of villages from which the Okinawans 
go forth daily to till the fields. 

Before fighting started, the island had 435,681 inhabitants, the greater num- 
ber of whom lived in the southern third of the island (Fig. 3). The capital, Naha, 
had a population of 65,000 and Shuri, the cultural center of Okinawa, had a popu- 
lation of 17,000. Nago, at the north, was a smaller center and had a population of 
13,000. Much of Nago remains to-day and parts of Naha still stand, but Shuri, 
the anchor in the bitterly contested Yonabaru-Shuri-Naha line, was entirely 
leveled, and the famous landmark, Shiru Castle, was completely destroyed. 


at 


be 


Fic. 4.—Native gallery-type well in coral sand, Awashi Peninsula. 


Farming is the most important occupation. Practically no manufacturing is 
done, although tile for roofing and brick is produced locally and high-grade 
lacquered wood trays and similar articles are produced by craftsmen. 

Agriculture is carried on by the women, although on a primitive scale. Rice 
is threshed by hand or with very simple manually operated machines. Sugar cane 
is pressed between stone rollers which are turned by animals and fed by hand. 
However, several large sugar mills from which narrow-gage railways radiate to 
the larger cane-field areas inject a modern note; it seems likely that this develop- 
ment was fostered by the Japanese Government. 

The Okinawans appear to be very industrious and to have exploited their 
rather meager resources to the utmost. Every bit of productive land is in culti- 
vation. Extensive irrigation dams and ditches bring water from streams and 
springs to the ever-present rice paddies. Steep hillsides are terraced against ero- 
sion and miles of sea-wall protect exposed coasts. A network of roads cover the 
island and where traffic is heavy, as in and around Naha, the roads are paved, 
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A narrow-gage steam railway extended from Naha almost to Bolo Point, and 
from Naha to Yonabaru. A branch from this line extends southward through 
Iwa and Yuza to Itoman. 

Okinawa lacks modern sanitation as well as machines. The island was infested 
with fleas. Water is obtained from dug wells and in most places is comparatively 
scarce (Fig. 4). Open sewers lining the streets of large villages necessarily bred 
disease. At Naha filtered water was supplied to less than 14,000 of the 65,000 
inhabitants; the remaining people drew water from dug wells. Elsewhere, as 
far as is known, village wells, easily subject to pollution, supplied the inhabi- 
tants. Efforts toward developed municipal water and sanitary facilities were 


Fic. 5.—Japanese dam at mouth of Tengan River. Water was 
impounded for irrigation. 


meager as compared with the number and complexity of structures providing 
water for irrigation of crops (Fig. 5), and for protection of the island from marine 


erosion. 
TOPOGRAPHY 


Southern Okinawa is an eroded upland. The upland surfaces slope gently 
seaward from about 350 feet (100 meters) above sea-level, and relatively few hard 
peaks or ridges rise above them. Erosion has progressed to varying degrees and 
the topography ranges from broad, low valleys to deeply dissected uplands to 
broad upland plateaus rimmed by steep scarps. 

The northern part of the area mapped consists largely of moderately eroded 
upland. The lower courses and some of the headwater tributaries of the Bisha 
Gawa and Tengan Gawa are entrenched in steep-walled canyons but elsewhere 
the upland surface is only moderately dissected. In the area underlain by schist 
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the topography is more rounded and rolling than in the terrane at the south 
which is underlain by limestone. In the limestone terranes, broad level areas are 
broken by rocky ridges and round rock knobs and spires (Fig. 6). Both the east 
and west coasts are marked by sea cliffs, which in most places are bordered by 
narrow alluvial plains. ° 

The narrow waist of the island has perhaps the maximum relief, but because 
this area is underlain in large part by blue marl the topography is generally more 
rounded. Steep canyons have been cut through the limestones flanking the west 
coast but headward the streams are intermittent and their courses are laid in 
high, broad, and rather shallow valleys. Northwest of Sugarloaf (the scene of 
much hard fighting), deep and steep-walled canyons are cut in red-brown silt 


Fic. 6.—Limestone erosional knob. 


beds, so that the country has a typical badland aspect. On the higher elevations 
limestone cappings form a number of jagged peaks and a few rough ridges, for 
example Kakazu Ridge, or uneven high terrane of limited extent, as at Shuri. 

The southern end of the island is dominated by two limestone-capped pla- 
teaus, the larger of which was the scene of the final stages of the Okinawan cam- 
paign. The lower ground, generally north of the plateaus, consists of broad rolling 
hills and valleys of rather pleasing appearance and rises gently from the low valley 
extending from Naha to Yonabaru. The plateaus are rimmed almost completely 
by precipitous cliffs (Fig. 7) and the surfaces of the plateaus themselves are 
broken by steep cliffs and rough ridges of forbidding aspect (Fig. 8). The smaller 
Chinen plateau (south of Baten Ko) is bordered by a very narrow coastal plain 
along the sea, but the larger plateau including Yuza Dake (plateau) and Yaeju 
Dake, dominated by the peak above Yuza, although descending to the sea 
rather gently on the west, presents sheer walls on the north, east, and south. 
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ROCK FORMATIONS 


The formations present are Paleozoic schists, the Shimajiri formation of Mio- 
cene and Pliocene age, the Ryukyu limestone of Pliocene or Pleistocene age, 


Fic. 7.—View of southwestern plateau from east (from Chinen Plateau). Yaeju Dake on right 
skyline. Minatoga lies along sea in_middle distance. O-Shima islet at left. Smoke on skyline from 
blasting caves. 


Fault scarp on Chinen Plateau, near Tamagusuku. 


Fic. 8. 


and alluvium and coral reefs of Recent age. The other Tertiary formations recog- 
nized in the Ryukyu Islands by Hanzawa are not present in Okinawa. 

Schists—Paleozoic schists, which with other metamorphic rocks make up 
the northern two-thirds of the island, are present in the northern part of the 
area mapped (Fig. 2), extending northward from Kadena and Chibana. Further, 
it is believed that the schists form a substratum extending as a buried ridge 
beneath the southern part of the island. 
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The mica making up much of the schist is sericite. Most of the schist shows a 
low grade of metamorphism and some of it grades toward a phyllite. In most 
places the schist is light-colored where fresh and weathers to a red clayey soil. 
In a prominent road cut near Kadena, however, the schist is black where fresh. 

The schist is an impermeable rock, as is the clay derived from it by weather- 
ing. Fissures in the rock might yield meager supplies of water but open fissures are 
rare and the formation is considered a very poor aquifer. 

The schist is a poor road material because it breaks down into a slippery mud 
under heavy traffic. 

Shimajiri formation—The Shimajiri formation is composed of two major 


Fic. 9.—Limestone-capped cliff on Katchin Hanto. Thin capping is Ryukyu limestone inclined to 
right of observer. Cliff is largely marl of Shimajiri formation. 


rock types, marly and silty, respectively. The more widely distributed rock is a 
compact dark blue marl, referred to locally as the “blue mud,” which weathers 
to a light blue color. The marl is seen to particularly good advantage along the 
east coast from Katchin Hanto (Fig. 9) to Yonabaru. Bold outcroppings are also 
present below the rim of the Chinen Peninsula plateau. The silty phase of the 
Shimajiri formation is well displayed in steep-walled canyons and cliffs between 
Kakazu ridge and Shuri (Fig. 2). The silt ranges in color from pale yellow-brown 
through brown to reddish brown. In places concretionary nodules are present 
which tend to stand out in relief. The silt is easily cut by bulldozers and power 
shovels, and near Awashi Peninsula picturesque wind-eroded spurs of brown silt 
extending outward from the steep coastal cliffs were almost entirely removed 
during construction (Fig. 10). The silt forms a good base for harder surfacing 
material and was used for fill. 
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A well drilled to a depth of 2,250 feet near the tip of Katchin Hanto (eleva- 
tion, 117 feet) brings out somewhat more strongly the character of the Shimajiri 
formation as a whole. The formation is not all blue mar! and brown silt with some 
nodular layers, for calcareous zones commonly occur. Cuttings from the rotary 
well drilled on Katchin Hanto seem to show that several thin yellow calcareous 
zones occur above 350 feet but that at greater depths limestone strata are rare, 
if present at all. Samples from below 350 feet which contain some yellow limestone 


Fic. 10.—Wind-eroded nodular silt of Shimajiri formation, near Awashi Peninsula. 


fragments may be contaminated or may represent the occurrrence here and there 
of a large shell in the blue marl. Tiny macrofossils, blue to gray in color, are com- 
mon throughout the section penetrated. Gray or blue silt layers are commonly 
present in the upper portion of the hole but are rarely present below 500 feet. 

A drillers’ log of the Shimajiri formation, penetrated to a depth of 4,036 feet, 
near Yonabaru (elevation, 119 feet) indicates that sandy “shale” (marl or silt) 
is common and hard streaks and boulders (probably nodules) are present from 
place to place. Sand beds appear to be absent. 

The data on deep wells, as far as can be interpreted, support the earlier inter- 
pretation that sand (as opposed to silt) is not a constituent of the Shimajiri 
formation. The included silt beds yield water in very small quantities; presumably 
these are distributed to some degree throughout the section but, as the silt beds 
are more common high in the, section, little would be gained from deep drilling; 
the best possibilities are explored within 500 feet of the surface. 
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The marl formed one of the greatest obstacles to be overcome in the Okinawa 
campaign. Although compact where undisturbed, the marl breaks down under 
heavy traffic. Many miles of roads laid on this formation became quagmires in 
wet weather and for long distances were roads in name only. In open fields and on 
country roads heavy military vehicles, even those built especially for mud ter- 
ranes, become bogged with appalling frequency even in periods of moderate 


rainfall. 
The Shimajiri formation should furnish excellent earth-fill reservoir material 


Fic. 11.—Ryukyu limestone resting with angular unconformity 
on Shimajiri formation, near Naha. 


in most places. The blue marl should be particularly good for this purpose but the 
silty beds should be avoided. Reservoir sites in the silt might prove to be leaky, 
but where mar! forms the reservoir basin little or no leakage should be expected. 

Ryukyu limestone-—The Ryukyu limestone of upper Pliocene or lower Pleisto- 
cene age unconformably overlies the Shimajiri formation (Fig. 11). In the north- 
eastern part of the area mapped there is apparent conformity between the two 
but in most places an angular disconformity is present. To the north, the Ryukyu 
limestone rests directly on the Paleozoic schists and in only a few places does the 
Shimajiri formation occur between the limestone and the schists. One such place 
is in the canyon head northeast of Yontan Airfield, near Bolo Point. This seems 
to show that where the Ryukyu seas lapped up against the schists, the covering 
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of the soft Shimajiri formation, as well as any weathered schists where the 
Shimajiri formation may have been absent, were generally cleaned off by marine 
abrasion before the limestone was deposited. 

The limestone is white or pale gray where weathered but white to yellow 
where fresh. The residual soil derived from the weathering of this rock is red 
clay. Where an area is covered by a thick mantle of such clay, it must be resur- 
faced in order to carry heavy traffic. 

The Ryukyu limestone was generally referred to as “‘coral’’ on Okinawa 
and is in part of coraliferous origin. Although similarities to growing reefs may 
be easily seen in the Ryukyu limestone, the formation as a whole is not reef- 
like. Coral heads may be recognized from place to place but the bulk of the for- 
mation is made up of bedded sediments in which recognizable fossils are scarce. 
The maximum thickness in southern Okinawa is about 325 feet. 

Outwardly the limestone everywhere appears to be a hard rock in which small 
solution holes abound. Where it crops out it forms tall, jagged spires, conical 
hills (Fig. 6), rough ridges, or level areas studded with many or few rounded, 
rough boulders. Actually, however, indurated hard rock forms a relatively small 
part of the mass. The most common rock type is a mixture of soft yellow marl, 
large and small hard boulders, and some massive rock which breaks down fairly 
easily into smaller pieces. Depending on the proportions of the different materials 
present, this type of limestone ranges from excellent to poor for construction 
use. 

Along the west coast at Yontan, a few miles north of the area mapped, much 
rock has been quarried, composed almost entirely of limestone fragments and 
very little marl. This material is ideal for many construction purposes; it quarries 
easily, it can be spread without further processing, and it sets well. 

Near the Yontan quarries, rock has been used which once may have been 
almost entirely fragmental, but which is now recemented solidly along certain 
zones and less completely cemented in intervening beds. This rock must be 
blasted initially but is worked down to size without undue difficulty. 

The hardest rock type is reasonably well distributed throughout the area 
mapped. It quarries out in large blocks and appears to be originally massive 
limestone that does not owe its character to later cementation. This rock must 
be put through a crusher before it can be used for most purposes. 

The character of the limestone is expressed to some degree by the topography. 
Jagged spires and conical hills standing out above a limestone terrane are in- 
variably made up of very hard rock. Low rocky ridges indicate the presence of 
a mixture of clay, boulders, and semi-indurated rock. Gentle slopes indicate the 
presence of granular fragmental material; a line of small knobs or hard boulders 
interrupting such a slope marks the intercalation of a harder layer. However, 
where the limestone is present in small patches as outliers on the soft Shimajiri 
formation, it forms outstanding cliffs, peaks, ridges, and knobs, and little could 
be said of its true character before quarrying; it all appeared to be massive rock. 
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Fic. 12.—Cave mouth, Chinen Plateau. Dam at left of entrance. 
Elaborate native bomb shelter at right. 
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It may be inferred from the foregoing description that the limestone is not 
permeable everywhere. It is believed that where the soft yellow marl forms 
any appreciable part of the mass, the rock is quite impermeable, and that most 
limestone areas can not be considered as homogeneous units insofar as permea- 
bility is concerned. Permeable areas are blocked off in part by impermeable rock, 
and the underground drainage patterns, where not controlled by a major struc- 
tural feature, are probably highly irregular. 

The limestone is cavernous in large part.’** Most of the caves in the limestone 
are small or were small and were later developed and enlarged. At least dozens 
of very large caves exist, as in the Chinen Plateau where a linear cave, probably 
more than a mile in length, occurs along a synclinal axis (Fig. 12). A few caves 
were noted which appear to have formed by solution along fissures developed 
in a limestone capping as the soft underlying supporting beds were eroded away. 
For the most part, caves, and in particular the exploration of caves, were avoided 
for reasons of personal security. 

“Kunigami gravel.””—According to Hanzawa, in relatively recent times, 
possibly during the Pleistocene, the island was almost completely submerged 
and an alluvial capping, which he has termed the Kunigami gravel, was deposited 
on gently seaward-sloping benches cut in the older formations. Hanzawa shows 
the ‘““Kunigami gravel” widely distributed in the northern part of the area cov- 
ered by this report. The writer felt that much of the reddish clayey mantle so 
mapped was weathered schist or limestone and that the importance of the 
“Kunigami” was greatly overemphasized. However, the writer is ready to accept 
the conclusion of more recent workers that the one fairly convincing example of 
“Kunigami gravel” in the area, a brown silty clay containing a few scattered 
round pebbles which is particularly well displayed on the ridges fronting the west 
coast near Kue, actually is thoroughly leached limestone residual material. 
Hence, the Kunigami gravel of Hanzawa is considered to be absent in the area 
and probably does not exist at all. 

Raised beaches and coral reel—FExtensive reefs, above sea-level at low tide 
but largely covered at high tide, are present along much of the coast. Raised 
fossil reef was recognized at the foot of the coastal cliff below Kuba Saki where, 
it was estimated, it extended to a height of 40 feet above high-tide level. It is 
thought that where the Ryukyu limestone descends to sea-level along the west 
coast, important patches of raised reef may be present which could not be differ- 
entiated from the older limestone. ; 

A well developed raised sandy beach is present about 20 feet above sea-level 
on the west coast of Tsugen Jima, the islet southeast of Katchin Hanto. Certain 
sand flats, extending up to 15 feet above high-tide level, which front the sea on 
Okinawa itself are interpreted as raised beaches. These include most of Awashi 
Peninsula, the sand-filled re-entrant near the southern tip of Katchin Hanto 


16a Actually many of the thousands of “caves”? on Okinawa are in reality dugouts in the Shimajiri 
formation, particularly just under the contact of these beds with the Ryukyu limestone (Fig. 11). 
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(Fig. 9) Peninsula, the outer edges of the alluvial re-entrants near Kue and 
Itoman, and the sand spit on the north side of Yabuchi Shima islet. 

Relatively small amounts of water were developed from raised beaches at 
Awashi and elsewhere. To a limited extent the beach sand was used as fill. 

Alluvium.—A narrow strip of alluvium is present along much of the east and 
west coasts and part of the south coast. Its maximum thickness is not known 
but the alluvium is believed to be rather thin, forming a veneer on a platform cut 
by the sea when it stood 10-30 feet above present sea-level. Inland there is a 
minimum amount of alluvium except perhaps along the lower courses of the 
streams discharging into the Naha tidal inlet. 


STRUCTURAL FEATURES 


Introduction.—As noted previously, the Paleozoic sedimentary rocks in the 
Ryukyu Islands were intruded by igneous rocks, strongly folded, and metamor- 
phosed before the deposition of upper Eocene sediments. Eocene beds are not 
recognized on Okinawa, but they unconformably overlie the Paleozoic rocks in 
the Yaeyama Retto. 

The strata of the Miocene and Pliocene Shimajiri formation were folded be- 
fore the deposition of the Ryukyu limestone. In places these beds have dips as 
high as 35°, as in the area from Sugarloaf southward to the Naha tidal inlet, but 
in the area along the east coast from Katchin Hanto to Yonabaru the Shimajiri 
formation is generally horizontal or inclined at low angles. In a few places faults 
of small throw were observed. No attempt was made to reconstruct the structural 
pattern of the Shimajiri formation. 

The Ryukyu limestone was deposited on the eroded surface of the Shimajiri 
formation and was later folded and faulted. This period of disturbance will be 
considered in detail. 

In speaking of the latest structural deformation of the island chain as a whole, 
Hanzawa states “‘a crustal disturbance ... tilted the Kunigami gravel along with 
the Riukiu limestone,’!? His map, however, shows that he had a real apprecia- 
tion of the faulted nature of the Ryukyu limestone in the southern plateaus. 
The faults whose scarps form peaks on Yuza Dake and Yaeju Dake and the fault 
which passes northeast-southwest near the southern coast are about the same 
on his map as on the map accompanying this report. Hanzawa also recognized 
the fault just south of the Naha tidal inlet. 

Hanzawa indicates a possible fault along the east coast from Kuba to Yona- 
baru, close to the axis of the Buckner anticline of this report (Fig. 2). As his in- 
ferred fault does not pass across the base of Katchin-Hanto, that fault and 
another fault shown passing along the southern coast of Katchin Hanto are 
presumably plotted to account for the configuration of Buckner Bay (Naka- 
gusuku Wan) rather than to indicate structural anomalies explained by the 
Buckner anticline. Hanzawa shows that the north shore of Katchin Hanto is 
downfaulted. 


17 Shéshiré Hanzawa, op. cit., p. 13. 
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Minor west coast folds —Between Isa and Naha the limestone is folded into 
open folds, the axes of which trend northwest-southeast and plunge gently 
northwestward. The limbs of the folds dip at very low angles (2°-5°) and the 
attitude of the beds is difficult to recognize. The anticlines east of Kue and west 
of Kakazu were recognized from the attitude of the beds but elsewhere folds are 
hypothecated to explain the sinuous trend of the Shimajiri formation-Ryukyu 
limestone contact rather than because of variations in dip of the sediments. 
It is granted, however, that the observed limestone pattern might well have 
resulted from deposition of the Ryukyu limestone on an irregular surface of the 
Shimajiri formation. Hence, it is not certain that as much gentle folding has 
occurred in this area as is indicated on the map. 

It may be noted that the coastal limestone strip is almost completely breached 
along the anticlinal axes east of Kue, south of Kakazu Ridge, and near Sugar- 
loaf. North of Kakazu the limestone extends inland somewhat more than else- 
where, along a possible synclinal axis, and the inland limestone mass on which 
Shuri was built may be thought of as part of a broad, shallow syncline, now left 
as an outlier on the Shimajiri formation after the more rapid erosion of adja- 
cent, presumably more highly fissured, anticlinal areas. 

The irregularity of the marl-limestone contact is significant in that it de- 
termines the pattern of the limestone blanketing the west coast and it is like- 
wise important in localizing springs. 

In the southernmost part of the island, folds are also significant structures. 
The rocks of the Chinen Plateau are folded in a broad syncline plunging gently 
east-southeastward. This structure funnels ground water in the direction of 
plunge and accounts for the large and small springs discharging at Schichiya 
and vicinity. Minatoga, adjacent to the Chinen Plateau on the southeast, marks 
the axis of a syncline plunging southeast. A stream here is consequent upon the 
structure and follows the axis of the fold, both above and below ground. 

A breached anticline forms a broad valley west of Minatoga, at the eastern 
base of the high southwestern plateau. 

The southwestern coast below Naha is marked by shallow folds trending 
more nearly east and west. Small outliers of limestone elongate in the direction 
of the axes of the folds mark the locus of a syncline 2 miles north of Itoman, 
and the presence of a syncline was established just south of Itoman. It is probable 
that other folds are present in the intervening area. 

A synclinal axis is similarly marked by a row of small outliers just north of 
Makabe in the southwestern part of the island, and an anticline is plotted to 
account for the patch of marl of the Shimajiri formation almost entirely sur- 
rounded by limestone west of Komesu. These folds trend northwest-southeast. 
Projection of the synclinal structure near Makabe southeastward would furnish 
a convenient explanation for the large spring on the coast above Mabuni, but this 
can not be done with any degree of certainty. 

Katchin Hanto Peninsula is formed by the southwestern limb of a synclinal 
fold which terminates against a fault along the northeastern shore of the peninsula. 
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No folds were detected in the large unbroken limestone mass which lies south 
of and laps against the schist. The contact of the limestone upon the schist near 
the mouth of the Bisha Gawa dips westward at an angle of about 4°. Likewise, 
the base of the limestone descends gently westward from the area south of 
Chibana. Further, the springs above Kue are hardly large enough to account 
for all the water falling on the limestone, and hence the mass as a whole is thought 
to dip westward. Much water may be discharged through submarine springs 
between the mouth of the Bisha Gawa and the village of Sunabe. 

Faults—A well defined fault passes along the north shore of Katchin Hanto, 
along which there has been a displacement of 40 or 50 feet.!® On the downthrow 
side small limestone masses terminate against marl of the Shimajiri formation. 
The small in-faulted limestone block on the north rim of the high ground about 
half way down the peninsula is easily seen in the field and furnished a well-water 
supply to a Seabee battalion. In an effort to increase the supply another well 
was drilled immediately to the southwest, and there the drill encountered the 
Shimajiri strata at the surface. The fault is thought to extend southeastward 
through Yabuchi Shima. The fault is traceable northwestward onto the “‘main- 
land” and is projected to the area southeast of Inubi. Just northwest of Inubi 
a high, elongate schist ridge projects into and rises 300 feet above the lowland 
limestone. Several small limestone erosion remnants are present high on the 
southwest slope of the ridge. It is thought that the schist ridge was originally 
buried during the deposition of the marl of the Shimajiri formation and Ryukyu 
limestone, and that during the later gentle folding the schist ridge acted as a 
barrier to movement of the sedimentary rock cover, thus initiating a major zone 
of weakness trending southeastward. In view of the lack of key beds, no displace- 
ment along the inferred fault in the vicinity of Inubi can be demonstrated. How- 
ever, the upper course of the Tengan Gawa crosses the (projected) fault about a 
mile east of Inubi, and near that point a spring discharges well over a million 
gallons a day into the river. 

Several faults with a throw of 50-100 feet are present along the west coast 
between Kue and Naha. These trend with the folds, northwest-southeast. The 
Shimajiri formation and Ryukyu limestone along the contact of the fault near 
Kue were exposed within 10 feet of each other along the highway north of Suki- 
ran at one stage of road construction. 

The fault passing along the southwestern side of Kakazu ridge was tempo- 
rarily exposed at one place. Here the contact is inclined 55° northeast and the 
fault is therefore a normal fault. The trace of the fault could not be definitely 
located southeastward. 

The three faults plotted in and near Naha are thought to be necessary to 
account for very abrupt differences in the position off the limestone-marl con- 
tact. However, in no place could any of the fault planes be observed and the 


18 Hanzawa tentatively shows a fault passing between Yabuji Shima and Katchin Hanto. In this 
report a fault is shown passing through the islet (Sec. DD’, Fig. 2). 
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possibility that these differences result from deposition of the Ryukyu limestone 
on an uneven surface can not be ruled out. 

Faults likewise trending northwest-southeast characterize the southernmost 
part of the island. Prominent scarps mark the faults in the Chinen Plateau (Fig. 
8). At the base of the scarps the Shimajiri formation is exposed, indicating that 
the scarp blocks are raised relative to the general level of the limestone plateau. 

The limestone occurs at very low elevations just southwest of the Chinen 
Plateau, and it is unlikely, although not impossible, that it descends several 
hundred feet here without a physical break. Accordingly, a fault is tentatively 
plotted southeast of the plateau rim. 

Yuza Dake, the outstanding peak of southern Okinawa, is a fault-scarp peak. 
An offset along the fault may be seen in the vicinity of Yuza. It is important to 
note that here a large spring discharges from the limestone. Yaeju Dake is also 
a fault-scarp cliff; the offset along the rim of the plateau may be very clearly 
seen from the air. Vertical throw along this fault was about 400 feet, but move- 
ment along the fault passing in front of Yuza Dake probably was not as great, 
perhaps only about 200 feet. 

A fault of northwest-southeast trend is plotted southwest of Komesu to ac- 
count for the cuesta-like limestone cliff in that area. 

A less well defined system of faults appears to characterize the entire southern- 
most coastal area. The fault passing southwest of Minatoga is clearly evident; 
it is marked by a steep vertical scarp and it intercepts the surface drainage 
flowing southward and passes it underground to discharge as the large spring half 
a mile southwest of Minatoga. 

Up and down the coast from Shichiya very large limestone blocks lie between 
the plateau level and sea-level. It is difficult to state whether these are faults 
or slump blocks. In any event, the apparent horizontal attitude of the small 
masses indicates that slumping acted as if a series of small normal faults had 
stepped these blocks down from the plateau level. 

It is thought that the limestone beds northwest of Minatoga may terminate 
along a fault because there the beds dip 35° SE., in contrast to the 3°-5° dip 
characteristic of those beds in most other places. 

Buckner anticline—Along the western coast of Okinawa the limestone beds 
are inclined gently northwestward and along the southeast coast they dip south- 
eastward. It is thus apparent that the beds form an anticline across the island. 
In the northern part of the area mapped the same structure may be observed; 
the progressive decline in elevation of the southeast limb is particularly well seen 
in Katchin Hanto. 

The more strongly fissured axial area, emerging from the sea before the lower, 
less fissured limbs, was attacked by erosional agents, as a result of which much of 
the limestone arch was removed, leaving a wide central area of marl of the Shi- 
majiri formation in which a few limestone outliers remain. : 

The Buckner anticline has been particularly important in determining the 
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courses of major streams. From the time of its origin, streams tended to flow 
down its sides directly to the sea and to a large extent they still maintain these 
courses. As the anticlinal axis is largely on the eastern side of the island, most of 
the drainage heads on that side and flows westward, leaving the east coast prac- 
tically waterless below the mouth of the Tengan (Fig. 13). 

Origin of structural features —The folds that trend northwest-southeast are 
ascribed to compressive forces acting from the southwest or northeast, but the 
faults cannot be ascribed to compression because they are normal faults, as far 
as is known, and they are considered to have formed when settling occurred 
over the Buckner anticline. Settling or slump faults, however, would logically 
trend parallel with the Buckner anticline; hence, the suggestion is made for 
what it may be worth that along the coast from Kue to Naha, on Katchin Hanto 
and in the southeast, zones of weakness (and reverse faults of small throw ?) 
were initiated during a period of mild compression acting from the northeast and 
southwest, along which normal faults developed later. 

The Buckner anticline has the same trend as the long axis of the island, 
normal to the small open folds, and is ascribed to compaction. It is thought 
that a ridge of Paleozoic rocks extends southwestward beneath a thick cover of 
Tertiary rocks, over which marl of the Shimajiri formation has settled and com- 
pacted, thus creating a broad arch. The faults parallel with the Buckner anticline 
are considered to have developed as compaction took place. 

It may be recalled at this point that at the tip of Katchin Hanto the base of 
the Shimajiri formation was not reached at a depth of 2,133 feet below sea-level 
and at Yonabaru the base was not reached at a depth of 3,917 feet below sea- 
level. 

PHYSIOGRAPHIC HISTORY 

The main aspects of the physiographic history of Okinawa have been men- 
tioned above; briefly, the events of greater significance are (r) submergence, fol- 
lowed by deposition of the Ryukyu limestone; (2) gentle folding and, perhaps, 
faulting; (3) compaction of the southern part of the island over the buried schist 
ridge, forming the Buckner anticline and associated structures; (4) emergence 
and erosion; (5) rise of sea-level and formation of fringing reefs and beaches and 
(6) recession of sea-level to its present position. 

Erosional stages—The high upland areas underlain by schist and by the Shi- 
majiri formation are generally rolling and well rounded. In many places the areas 
underlain by the Shimajiri formation are uplands trenched by deeply incised 
valleys or canyons. For instance, in the vicinity of Sugarloaf, deep steep-walled 
canyons in the red-brown silt beds give a typical badlands aspect to the terrane. 

Just south of Shuri and westward to Naha the land is fairly low, the lower 
courses of the streams are at or approach base level, and the topography is ma- 
ture. As Iwa is approached the land rises and the marl forms high rolling terrane, 
threaded by streams in broad valleys. The upland here is in a late youthful to 
early mature stage of erosion. . 
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The limestone masses at the south are rough and rugged and extend to rela- 
tively high elevations. This is an area of fault scarps, anticlinal ridges, and dip 
slopes. As drainage is largely underground, the surface has been altered less here 
than elsewhere and the area is in a youthful stage of erosion. 

Drainage.—Following the last great inundation, new drainage channels were 
established, guided by whatever forces were effective at that time. Compaction of 
the soft sediments over the buried southward extension of the old rock mass had 
created seaward slopes in the area of Tertiary rocks. Consequent streams flowed 
northwest and southeast from the axial area of the Buckner anticline. However, 
in the breached anticlinal crest area, streams were superimposed upon the marl 
surface of the Shimajiri formation and spilled outward through breaches in the 
limestone flanks. Piracy undoubtedly took place on a large scale as some few 
streams found low structural channels at the base of the limestone or were favored 
by more permeable or more easily eroded rock and beheaded other streams less 
favorably situated. Linear (northeast-southwest) streams tended to form in the 
axial area. One such stream flows northward and joins the west-flowing stream 
which discharges near Isa. Other much shorter streams of northeast-southwest 
trend are present. East-flowing streams were favored over west-flowing streams 
because of the greater rainfall on the east side of the island, and there deep gorges 
were cut. 

As the locus of heaviest rainfall moved westward with cutting-back of the 
east coast, the east-flowing streams cut farther and farther back and the divide 
shifted somewhat west of the originally controlling Buckner anticline. 

Buckner Bay landmass.—The Tengan is the only major stream discharging 
along the east coast below Ishikawa. From the mouth of the Tengan southward 
to Chinen Saki the east coast is waterless, other than for small trickles. The other 
streams in southern Okinawa flow westward and southward, not haphazardly but 
in response to definite geologic influences which have been effective since Pleisto- 
cene time, the most important of which has been the slope of the limbs of the 
Buckner anticline. Hence, because the axis of the Buckner anticline lies largely 
along the present east coast most streams tend to flow northwest from that coast; 
two streams in southernmost Okinawa flow southeastward down the opposing 
limb of the anticline. 

It is thought that initially several other streams headed along the present 
east coast and flowed southeastward down the eastern flank of the Buckner anti- 
cline across the Buckner Bay landmass. The eastern landmass extended at least 
from Chinen Saki to Tsugen Jima and beyond the small islands that lie a short 
distance northeast of Katchin Hanto peninsula (Fig. 2). At present these islands 
and intervening reefs make a complete semicircle from the tip of Katchin Hanto 
to southeastern Okinawa, broken only in one place by a major channel. 

One major stream headed at Unaha, just above Yonabaru. Here is a large 
cove in the otherwise fairly uniform cliff wall which flanks the east coast, a cove 
seemingly much too large to have been carved out by a small stream working 


GEOLOGY AND WATER RESOURCES OF OKINAWA 1777 


headward from the present coast. The bay at Yonabaru and the relatively low 
area southwest of Yonabaru may mark the headwaters of another prehistoric 
eastward-flowing stream. These streams may have joined and flowed eastward 
through the present break in the reef east of Chinen Saki. Obviously sea-level was 
then lower than at present, relative to the island. 

Two re-entrants into the cliff wall lie just west of Awashi peninsula. Both have 
undersized streams in them, and these canyons, too, may represent the head- 
water areas of other ancient east-flowing streams. 

The net result, then, was that the Buckner Bay area became a greatly dis- 
sected basin in which a few spurs extended seaward from the present mainland. 

Partial drowning of the island then occurred and Buckner Bay was created. 
Moderate marine abrasion’® was ample to smooth off most topographic irregu- 
larities. Katchin Hanto remains as a spur extending outward from the mainland, 
separating the bay from Kimmu Wan. Tsugen Jima and other small islets remain 
above water to mark the locus of the breached limestone. scarp extending from 
Katchin Hanto in a semicircle to Chinen Saki. This scarp is, of course, comple- 
mentary to the west-sloping limestone mass extending from Bolo Point to Naha. 

As pointed out by Rodgers” the tidal inlet at Naha on the west side of the 
island is an excellent example of the drowning of a stream mouth, comparable 
on a smaller scale with the drowning of streams which traversed the Buckner 
Bay landmass. 

WATER RESOURCES 
SURFACE WATER 


The flow of major streams in southern Okinawa ranges from less than 1 
million to more than 5 million gallons a day (Fig. 12). These streams are (1) the 
Tengan Gawa, (2) the south branch of the Bisha Gawa, (3) the series of streams, 
some of which are spring-fed, which cross the west coast highway between Sunabe 
and Naha, (4) the system of streams discharging westward into Naha, (s) the 
spring-fed stream originating at Yuza and discharging at Itoman, and (6) the 
small stream at Minatoga. 

Stream-flow characteristics——The streams mentioned differ greatly in their 
characteristics. Those in or heading in the limestone areas are spring-fed to a 
greater or lesser extent and therefore are not as greatly dependent on local rain- 
fall?! as streams whose courses lie in the mar! of the Shimajiri formation. The 
Tengan, with a flow of about 5 million gallons a day, did not diminish greatly 
during the dry season of June and July, 1945; but the Bisha Gawa, an equally 
large stream, appears to have diminished considerably in volume during that 

19 The sea wall built by the Okinawans on the west shore of Baten Ko indicates that marine 
erosion within Buckner Bay is still a force to be reckoned with. 

80 John Rodgers, personal communication, October 8, 1946. 


31 Rainfall records are not available but according to the best available information the average 
rainfall is about 65 inches a year. The maximum rainfall occurs in the spring and fall; June and July, 
1945, were almost entirely dry. 
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period. About June 15 the stream west of Chibana had a flow of more than 3 
million gallons a day, according to rough measurements made by the writer, but 
a month later the flow is reported to have been only a little more than 1 million 
gallons a day. This stream lies in the area of schist, a massive rock formation in 
which only a little water is stored for release in dry periods. 

The streams crossing the west coast highway from Sunabe to Naha, although 
having a combined flow of about 4,000 gallons a minute during the spring rainy 
season, fell to very low levels, perhaps less than 2,000 gallons a minute, in mid- 
July. At the same time the streams discharging at Asa and just above Asa at 
Jichaku along the west coast declined to a fraction of their normal flow, but the 
streams near Kakazu, partly spring-fed, maintained a rather high proportion of 
their spring-season flow. 

The streams in the Naha watershed were the most spectacular in variation 
of yield. Although the combined flow of these streams was about 4 million gallons 
a day in the middle of June, 1945, the discharge had fallen to only 200 gallons a 
minute a month later. Following the light showers late in July the combined flow 
was still less than 300 gallons a minute. As the courses of these streams lie entirely 
in the area underlain by the blue marl of the Shimajiri formation, they are not 
fed by springs issuing from limestone and they depend entirely upon the slight 
storage afforded by the thin alluvial cover or the blue mar] for their dry-season 
flow. 

The spring-fed stream at Yuza decreased in flow from 1,200 to 800 gallons a 
minute by the end of the June-July dry season, but the stream at Minatoga de- 
creased only from 250-200 gallons a minute in the same period. 

The major streams mentioned here had an ample flow in rainy seasons to 
justify their use in the war program planned before V-J Day. It was obvious that 
storage would have been necessary in many places, however, if those sources 
were to continue to furnish water in dry seasons. Streams in the blue marl areas 
would have required large reservoirs but those in, or fed from, the limestone 
areas would have needed less storage. The Bisha Gawa, either near its mouth or 
in the headwater areas, would have needed large reservoirs if large amounts of 
water were to be drawn from the system in dry seasons. 


GROUND WATER 
* SPRINGS 


In southern Okinawa there are several springs issuing from the limestone 
which are large enough to be considered as primary sources of water. 

The spring issuing from the cave near Isa, having a flow ranging from 1,000 to 
350 gallons a minute, was used by the Japanese as part of the Naha municipal 
water system. Some of the other streams between Isa and Kakazu that were also 
used in this system are spring-fed to some extent. As shown on the map (Fig. 13) 
several of these showed very little decrease in yield during the dry season of June 
and July 1945. The spring near Isa obviously collects water from a fairly large 
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area on the north and south; the other springs drain much smaller areas. 

The large spring at Yuza, which has a flow ranging from 800 to 1,200 gallons 
a minute, issues along the fault passing northwest-southeast in front of Yuza- 
Dake. A small impounding basin was built below it to furnish water to a sugar 
mill. 

The large spring northeast of Mabuni has a low flow of about 1 million gallons 
a day. It may be along the trough of a minor warp. When first sighted from the 
air, the spring consisted of 5 separate jets of water issuing from the precipitous 
sea wall. Subsequent dynamiting of caves in the immediate‘area has thrown down 
a mass of rubble and the actual openings are now obscure. The fact that the spring 
issued from the wall at an elevation of more than 20 feet above high-tide level 
shows clearly the impermeable nature of the lower part of the limestone at this 
place. This spring was not used by the Japanese. A deep dry hole just north of 
the cliff appears to represent an attempt by near-by villagers to tap the under- 
ground stream feeding the spring. Apparently this effort was not successful. 

The greater part of the drainage from Chinen Plateau issues as several springs 
near Shichiya, the largest of which has a low flow of more than 300 gallons a 
minute. The plateau itself slopes south; either the rise of the strata on the south 
side of the basin or the damming effect of the major fault plotted on the map 
(Fig. 2) diverts the underground drainage to the southeast, where it issues on the 
cliff face at the base of the limestone. 

The spring west of Minatoga, which has a low flow of 700 gallons a minute, 
issues from the base of the limestone along a prominent fault. The major part of 
this flow originates in the area on the northwest and west. At the point of highest 
flowing water (70 feet above sea-level) about 500 gallons a minute was being dis- 
charged late in July but in the stream at the valley bottom the increment of sev- 
eral minor seepages or springs was apparent and the flow was somewhat larger. 

Several other small springs originating in the limestone have been plotted 
on the map. 

WELLS 

In general, only small amounts of water are to be obtained from wells in 
southern Okinawa. Small yields can be developed from beach sands in many 
places and somewhat larger yields can be obtained from the Ryukyu limestone in 
a few places. The Shimajiri formation is a very poor water-bearing formation and 
yields meager supplies. 

Ryukyu limestone—Large springs issuing from the Ryukyu limestone have 
been discussed and the physical character of the limestone itself has been dealt 
with in some detail. These points are here summarized. The Ryukyu limestone 
is not a homogeneous formation; it is made up of stony and clayey components, 
some of which are very permeable and in which extensive channels (caves) have 
been formed, draining most of the mass by natural springs. Some parts of the 
mass are blocked off from the main drainage system by clayey strata; it seems 
likely that the small springs discharging on the north face of the Chinen Plateau 
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overlooking Baten Ko, are fed from such a “perched” body, inasmuch as these 
springs issue from the rocks at a point 50 feet higher than the water level in the 
cave east of Tamagusuku. Between these springs and the cave at Tamagusuku 
the limestone mass is dry. Presumably here the rock is open and drainage to the 
lower (Tamagusuku) area is complete. Hence, well drilling in the Ryukyu lime- 
stone is somewhat of a wildcat proposition and in many places results can not be 
predicted. 

Further, the development of large-yield wells in the limestone will, in many 
instances, simply subtract water from springs draining the area. In places this 
may be desirable but, as most large springs would be joined to a permanent 
water-supply system, diversion of their natural discharge would result in no net 
gain. 

In some areas, however, water in appreciable volume is lost as seepage through 
small springs or is held throughout a semi-permeable mass and might profitably 
be exploited by wells. Here seepage losses would be minimized and the ground- 
water reservoir, depleted in dry periods, would be replenished in the rainy season. 
In one place at least, at Itokazu in the Chinen Plateau, ponded water occurs 
underground in caves and might be utilized in the dry season. 

South and southeast of Kadena a fairly large continuous mass of limestone 
occurs, most of which should be water-bearing. Two wells, yielding 20 and 50 
gallons a minute, respectively, have been developed in this area, but farther 
south, near the edge of the limestone mass, wells were failures. It seems likely 
that in this area there is ample ground water for the development of many wells 
yielding up to too gallons a minute each; if major underground channels are en- 
countered higher yields may be obtained. The eastern and southern boundary of 
the limestone body should be avoided in such exploration. Near the sea, between 
Sunabe and the mouth of the Bisha Gawa, fresh water may occur in contact with 
salt water. However, even here fresh water may be perched above sea-level on a 
clayey limestone lens. 

It seems unlikely that the narrow limestone fringe from Isa to Naha will 
produce much water from wells. On high ground there is little chance for success, 
but immediately adjacent to the sea the prospects may be much better. How- 
ever, the concept of the limestone as a clayey, ill drained formation must be kept 
in mind and it is not possible to say arbitrarily that all wells drilled on high ground 
will be failures. 

It is thought that the limestone mass at Shuri is too small and too well 
drained to be productive. The mass around Sischéna, just south of Shuri, is less 
dissected and may yield a little water to wells. 

The Chinen Plateau collects rainwater and discharges most of it in springs 
near Shichiya. It does not seem probable that much additional water can be cap- 
tured by wells. However, it is possible that some water which is ponded or re- 
leased very slowly might be drawn upon in dry periods. Wells near the base of 
the fault scarp (cliff) just south of Tamagusuku (Fig. 8) might yield some water 
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that generally is released very slowly to springs. The northern and northwestern 
portions of the limestone mass may be blocked off from the main body of rock by 
clayey material, as indicated by high-level springs along the north lip of the 
plateau, and here it may be possible to develop small-yield wells. 

The cave near Tamagusuku (Fig. 12) is a long solution channel leading to- 
ward the springs at Shichiya. A low dam across the floor of the cave, built by the 
Japanese, has created a reservoir holding millions of gallons of water. Immediately 
following the June rains 175 gallons a minute spilled across the dam but during 
the July dry period the water level fell below the level of the dam and remained 
constant. At that time about 25 gallons a minute was being drawn from the reser- 
voir by Army troops. It is thought that the dam might advantageously be built 
higher and greater storage created. It is impossible, however, to predict the limit- 
ing height to which the water level could be raised before new drainage openings 
are reached. The lower end of the cave, which extends at least } mile east, might 
lend itself to the construction of another such dam at a lower level. 

At Itokazu a cave opens in the meadow just north of the village and extends 
beneath the village. In this cave is a pool of water “‘so large that the Japs used 
boats to get around in it.” Applying a large discount to such a report, it is still 
evident that a large body of water exists here, ponded in a structural trough lying 
against the upfaulted blue marl on the south. No large spring is known in the 
area. 

During dry seasons this cave pool might be emptied into the area around 
Tamagusuku, to the cave reservoir there, or the water could be piped directly to 
Shichiya if exploration shows that the source is large enough. It might be feasible 
to drill into the pool from the surface after the deepest part of the pool has been 
determined, rather than to set a pump below ground.” 

The limestone southwest of the fault crossing the Chinen Plateau is inclined 
southward and it seems unlikely that efforts to develop wells there will be suc 
cessful. 

The limestone mass around Minatoga is the source of much of the water in 
the stream discharging at Minatoga, and no appreciable net gain will result from 
wells drilled here. In the area bordering the sea southwest of Minatoga small- 
yield wells might capture some water normally lost by seaward percolation. 

The geology of the southwestern area is believed to be more complex than is 
shown on the map and it is difficult to make sound recommendations on likely 
places to drill wells. The three large springs which issue from the limestone at 
Yuza, Mabuni, and west of Minatoga discharge about 3 million gallons a day 
(low flow) and undoubtedly drain the major part of the eastern part of the pla- 
teau. However, the water in the limestone southwest of Komesu is unaccounted 
for by large springs and it seems possible that wells in that area may tap bodies 
of water that now discharge slowly in many small seeps. 


32 This cave was not explored by the writer. It is of interest to note that about a month after V-J 
Day 25 Japanese soldiers were taken from this cave. 
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Because of the relation of faults to major springs, it seems that the most 
favorable places to drill in limestone are at or near the base of steep cliff faces. 
The steep cliffs are the surface expression of faults along which blue marl or im- 
permeable limestone may be brought up against permeable strata. A ground- 
water dam may be thus created and a body of ground water thicker than normal 
may be present. 

Shimajiri formation—The marl of the Shimajiri formation is a very poor 
water-bearing formation and should not be considered as a source of supply un- 
less the need for small quantities of water is acute. 

A well drilled west of Awashi peninsula encountered 50 feet of blue silt, the 
base of which was approximately 25 feet below sea-level. The yield of the well 
was variously reported to be 3-7 gallons a minute. Other wells have been drilled 
in the blue marl with even poorer results. 

At Naha, where the Shimajiri contains many silty beds, two pits each about 
25 feet deep and 10 feet wide produce 15 gallons a minute under continuous opera- 
tion. A single smaller dug well, also near Naha, was reported to yield about 20 
gallons a minute. 

Alluvium.—Practically no data are available on the yield of wells in the al- 
luvium. In most places the stream-bed deposits are clayey and can be expected 
to yield only meager supplies. In a few places the proportion of silty material may 
be higher and some water may be expected. Attempts to develop these deposits 
should be made only to alleviate temporary shortages. 

Beach sand.—Where composed of coarse material, such as coral debris, fair 
yields can be obtained from sandy deposits. The yields of trenches differ greatly. 
At Kuba only s gallons a minute was obtained from a 200-foot trench, but Swen- 
son® reports that 1-2 gallons a minute per foot of trench has been obtained at 
Katchin Hanto. 

DEVELOPMENT OF PERMANENT WATER SUPPLIES 

A permanent water supply ample for the needs of the highly militarized south- 
ern part of the island, as planned in July, 1945, could have been met by the proper 
development of the major streams and tributaries. The development planned at 
that time was to consist of one system for the west coast which would obtain 
water from the Bisha Gawa on the north and the spring-fed stream at or near 
Yuza on the south, and from such other springs and streams in the intervening 
area as were necessary to obtain the desired amount of water. 

On the east coast several individual systems were planned. The Tengan Gawa 
was to supply water in quantity to installations on Katchin Hanto; the south 
branch of the Bisha Gawa was to be drawn upon near Chibana to furnish water 
for the Awashi Peninsula~-Kuba Saki area. Baten Ko and Yonabaru were to be 
supplied from the springs at Shichiya, the stream at Minatoga, the spring south- 
west of Minatoga, and possibly also from the spring near Mabuni. 


#3 F, A, Swenson, Memorandum to Commander of Construction Troops, Okinawa, June 2, 1945. 
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With the changes of plans and reduction in personnel due to the close of the 
war and to the hurricanes which ravaged the island in the fall of 1945, the water- 
development plan here outlined has probably been revised beyond recognition. 
The plan is mentioned, however, to show that water could have been made 
available to meet the demands of the complete military and naval program sched- 
uled in the spring of 1945. 


FACTORS BEARING ON POSSIBLE OCCURRENCE OF PETROLEUM 


The presence of the Buckner anticline immediately raises the question of 
the possibility of petroleum deposits on Okinawa. In regard to this problem the 
writer has no conclusions to offer, but simply summarizes here the pertinent field 
data at hand. ; 

Source beds ——The marl of the Shimajiri formation is a marine deposit. It 
was found to be more than 4,000 feet thick at Yonabaru but the maximum thick- 
ness present is unknown. The dark color of the marl indicates high organic con- 
tent; it was reported that in one place above Awashi the marl was used as a low- 
grade fuel but this could not be confirmed. 

Reservoir rocks ——Silt beds intercalated in the blue marl of the Shimajiri 
might serve as reservoir beds for petroleum deposits. These beds have very low 
permeability and probably are not continuous over wide areas. Presumably the 
proportion of silty beds should increase as the basement rock is approached, 
but because the landmass immediately adjacent to, and upon which, the Shimajiri 
formation was deposited is schistose, the increase in thickness of the silt beds or 
increase in grain size of the silt itself may be negligible. 

Structure—The Buckner anticline is a major structure which would have 
favored the accumulation of petroleum, if any were present. Minor folds in the 
Ryukyu limestone, the influence of which should be considered, have been de- 
scribed in preceding paragraphs. 

Faults in the Ryukyu limestone may have little influence on the accumula- 
tion of petroleum. It is thought that these faults may have originated largely 
as a result of compaction; hence, they may grade downward into folds. Whether 
the folds persist to great depths is a matter of speculation. 

Minor faults with a displacement measured in inches have been noted in marl 
of the Shimajiri formation. Compression faults of larger throw which originated in 
early Tertiary time may well be present. Major folds in the underlying Shimajiri 
formation were not studied. The writer’s recollection is that in the Shimajiri for- 
mation in the area about Shuri and farther south, dips of 10°-20° were not uncom- 
mon and dips greater than 20° were observed in a very few places. These folds 
probably have a greater bearing on the localization of possible petroleum de- 
posits than the more obvious Buckner anticline. As the structure of the Shimajiri 
formation was not determined, the only valid comment that may be made at 
present is that the Shimajiri formation has been folded to a greater or lesser 
degree and in some places favorable structures may be present. 
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GEOMORPHOLOGY OF DEPOSITIONAL SURFACES! 


W. ARMSTRONG PRICE? 
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ABSTRACT 


The geomorphology of depositional surfaces has been slow in developing. Adequate knowledge 
of deltas, deltaic plains, sand dunes, and eolian plains is very recent. Text books are still somewhat 
behind in adequate treatment of depositional geomorphology. 

Adequate study of the subject requires topographic maps of finer detail than have commonly 
been available until recent years, and is much assisted by aerial photographs, soil maps, maps of vege- 
tational distribution, and by studies of the materials of the geomorphic units mapped. 

Recognition of regional patterns and topographic grain of depositional origins is an important 
part of the study. Foreign elements, such as diastrophic structures, may in some cases be mapped by 


interruptions and modifications of such patterns. 
The systematic study of depositional surfaces adds much to the knowledge of geomorphology and 
late geologic history. It throws light also on climatology, soil science, archeology, and paleontology. 


INTRODUCTION 


Early studies of the coastal prairies of Texas and Louisiana recognized the 
modern deltas of the Mississippi and Rio Grande, and the large eolian plain of 
southern Texas, as depositional surfaces. The flat plains adjacent to, and lying 
between, these depositional plains, however, were for a long time considered to be 
lately emerged, scarcely modified, shallow sea-bottom surfaces. In origin, many 
geologists believed them to be surfaces mainly of planation. Where lakes occurred 
on these plains they were thought of as “initial depressions” of a sea bottom, 
without regional grain or pattern of occurrence. It was recognized that the 
supposedly “emerged” coastal Quaternary surfaces were composed of different 
elements termed “terraces” and these were expected to have seaward-facing 
erosional scarps at their inner margins. 

After many geologists had travelled them for some years, it began to be 
realized that the coastal prairies were sub-aerial depositional surfaces. Donald C. 
Barton (1930) published his now classic study of the deltaic coastal plain, point- 
ing out that the Beaumont Pleistocene outcrop is a little eroded deltaic plain 
formed by the coalescing surfaces of sub-aerial alluvial fans of the Pleistocene 
representatives of the present master streams. 

Since Barton’s paper appeared, other geologists, notably Richard Joel Russell 
and Harold N. Fisk of the Louisiana Geological Survey, have described in detail 
extensive deltaic depositional surfaces in Louisiana, including the wide alluvial 
valley of the Mississippi. The complex Quaternary coastal delta with its elevated 
and tilted deltaic terraces has been recognized. The writer has briefly noted in 
publication the extension of the Beaumont deltaic plain to the Rio Grande, with 
the previously recognized eolian plain of southern Texas partly overlying it. 

Descriptions of deltas in other regions of the world—as those of the Colorado 


1 Manuscript received, October 2, 1946. 
‘Consulting geologist. 
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of the west and the Rhone of France*—have in recent years added to our knowl- 
edge of sub-aerial deltaic fans. While sand dunes are among the early geological 
features widely mentioned in the writings of layman and scientists alike, satisfac- 
tory classifications of dunes and descriptions of the successions of dune forms have 
been late in appearing. It has been, in fact, only in the last 10 years and chiefly in 
the present decade that sand dunes have come to be well known scientifically 
through the writings of C. T. Madigan on Australia, John T. Hack and Frank A. 
Melton on the dunes of the southwestern United States, and R. A. Bagnold on 
those of Africa. Even so short a time ago as in 1935 some of the French geologists 
of North Africa believed that the striking ridge-shaped longitudinal or seif dunes, 
which form vast dune fields in the Saharan and Lybian deserts, were merely 
veneers of sand covering rocky ridges. 

The writer has, during the past 15 years, carried on extensive studies of depo- 
sitional plains along the Gulf Coast from the Mississippi to, and south of, the Rio 
Grande, in the alluvial valleys of the Mississippi and Rio Grande, in the con- 
tinental interior on the High Plains, and in the eastern Pecos River “valley” or 
Mescalero pediment. His studies have covered eolian, alluvial, and deltaic deposi- 
tional surfaces. In this work, it has been possible in some cases to identify and map 
by depositional geomorphology areas where diastrophic disturbances have recog- 
nizably altered the depositional detail. 

In the belief that the relatively new science of depositional surfaces has not 
yet become widely known in the profession, and that the possibility of using 
depositional criteria in the location and study of diastrophic structures is impor- 
tant, the following brief discussion of depositional geomorphology is presented. 


USUAL TEXT-BOOK TREATMENT OF GEOMORPHOLOGY 


The subject matter of geomorphology‘ has usually been classified in text books 
under two or three general heads, as: (1) dynamic agents of earth sculpture— 
streams, shoreline forces, as waves and currents, wind, organisms, glaciation, 
volcanism, chemical denudation, diastrophism; (2) major geomorphic units—con- 
tinents, coastal plains, plains and plateaus, mountain types, the desert. The clas- 
sification then proceeds to (3) minor geomorphic units. Many variations on this 
scheme have been more or less successfully used. 

In the several topics enumerated, the major emphasis has been largely on 
earth sculpture from the standpoint of the removal of materials, and on tectonic 
deformations, with subordinate treatment of the geomorphology of original earth 
formation, or deposition. 

The reasons for this emphasis on the forms produced by erosion and tectonic 

3 It is not attempted in this article to give a bibliography of depositional geomorphology or a 
critical analysis of its growth. 


4 Geomorphology is the genetic classification of topography, with the totality of natural science 
as it deals with the form and history of the earth’s surface. It was formerly long known as physi- 
ography, the new name marking an attempt at restriction of the topic to the more closely related and 


pertinent subjects. 
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Fic. 1.—DvuNrE TopoGraruy Broucut By 1-Foor Contourinc. Characterless topography 


of 5 foot m ap becomes subdued but definite topography of stabilized dunes of ill sorted sandy alluvi- 
um. Many canals and drainage ditches of citrus orchards follow northwest-trending longitudinal ele- 


ments of parabolic and other dune forms. Orchards located on dunes. Contact between older Beau- 
y; 


mont (Montgomery of Louisiana) and Lissie deltas of Rio Grande (with eolian mantle) along 70-75- 
foot contours. A, from 1:62,500 (approx. 1 inch=1 mile) San Juan Quadrangle, Hidalgo County 
Texas, by U. S. Geological Survey, 1914, without photographic base. Reproduced full scale. 
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TABLE I 


DEPOSITIONAL SURFACES, WITH THEIR RESIDUALS 


an 


~ 


10. 


II. 


~ 


12. 


rs. 


. Fluvial 


Lacustrine 


. Continental Marsh 


Weathering and Soil Movements 


Littoral] 


. Submerged Topography 


. Eolian 


Spring and Geyser 


Volcanic 


Glacial 


Snow and Ice 


Organic: Subaerial 


Organic: Subaqueous 


Floodplains, scrolls, stream terraces 

Subaerial deltas and deltaic plains 

Alluvial fans and cones 

Alluvial plains 

Minor subaerial features of stream beds, bars, islands, ef cetera 


Surfaces of lake beds and lake terraces 
Precipitation forms 


Marshy plains, not lacustrine or beaver, tundra 
Landslide accumulations 

Talus sheets, creep surfaces 

Rock glaciers, mud flows 


Shoreface terraces 

Beaches, bars, spits 

Beach-ridge plains 

Coastal marsh with beach ridges (chenier type) 
Offshore bars 

Tidal deltas, washover fans (wave deltas) 
Outlet deltas 


(See also 2, 5, 13) 

Lagoonal and estuarine bottom plains 

Submerged bars and reefs 

Precipitation forms 

Sub-aqueous delta surfaces 

Shelf plains 

Depositional shelf slopes 

Surfaces of ocean bottom deposits with numerous individual 
elements 


Dunes, drifts, sand-shadows 
Whalebacks 

Sand sheets, undulations, loess plains 
Desert pavements", lag gravel* 
Eolian mantles 


Domes, cones and sheets of geyserite, sinter and calcareous 
tufa 


Lava cones and domes 

Lava plains and plateaus 

Ash cones and sheets 

Surfaces of deposits of coarse ejecta 


Moraines 
Drunilins, eskers, kames 
Outwash plains 


Ice sheets, snow fields 

Glaciers, icebergs 

Numerous minor forms, including dunes of snow, pressure 
ridges, and ice jams of streams 


Marsh plains (see 3, 5, et cetera) 
Beaver dams and meadows 
Termite mounds 


(see also 2 and 6) 

Coral reefs, oyster reefs, reefs of Serpula,t et cetera 

“Algal” reefs and “algal”? dams in streams (precipitation 
forms?) 

Precipitation forms 


* t See next page. 
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deformation include their generally greater scenic values—their greater vertical 
relief, and greater ease of visibility—but also the larger total area of the earth 
occupied by erosional forms than that occupied by depositional surfaces.® These 
aspects of erosional and tectonic geomorphology led to their earlier development 
and greater advancement. There is also the important fact that topographic maps 
have emphasized the features of greater relief. The use of a small contour in- 
terval—such as 1 to 5 feet—and of the large scales—such as 2 to 5 inches per 
mile—necessary to make a small interval effective, requires an increased outlay 
of time, effort, and money. Before such maps were made and studied it was not 
known that they would contribute greatly to geology. The intensive mapping 
needed to show fine depositional detail has been done only as economic or military 
requirements brought it into being. Irrigation, drainage and flood control have 
been prime motives for detailed mapping of this accuracy in the United States 
(Fig. 1); hence, such mapping seems to have made small headway in humid re- 
gions, where geologic science was mainly nurtured during its early formative 
years.® 

Treatment of the depositional aspects of some of the dynamic units of geo- 
morphology by text-book writers has been given fairly equally with that of the 
erosional aspects of these units, for example, glacial and volcanic deposits, the 
surface forms of ice sheets and glacial ice, and the study of active sand dunes. But 
it is only within the past decade and a half that the fully detailed geomorphology 
of deltaic plains and other extensive surfaces of coastal deposition—not merely 
beaches—has been investigated. The geomorphology of the great expanses of 
stabilized plains of eolian deposition in the Southwest has lately been studied only 
by a few investigators, including the writer, and is as yet incompletely written. 


CLASSIFICATION OF DEPOSITIONAL SURFACES 


A classification of the content of the science of geomorphology which would 
give adequate recognition to depositional surfaces follows. 


I. Dynamic agents of earth sculpture 
II. Major geomorphic units 
III. Tectonic forms 
IV. Erosional surfaces 
V. Depositional surfaces 
VI. Surfaces on which two or more of the preceding types are intimately combined 


5 Also because the subject has been developed by geologists, who view it largely from the stand- 
point of diastrophism. Stratigraphers have contributed more to the geomorphology of erosional and 
tectonic forms than to that of depositional surfaces. 

6 In Europe, military use brought small-interval maps to the humid regions several decades 
ago. 


Footnotes To TABLE I 

* These residual products of eolian and fluvial erosion are here included as depositional deposits because the strata are 
lithologically different from the parent deposits and of different thickness and position. The gibber plain is not here classified 
as a depositional feature, as it is due merely to the breaking up and dislocation of a previously existing stratum. The distinc- 
tion is somewhat arbitrary. 

t If submerged depositional topography is to be studied in similar detail to that of the more accessible depositional 
topography of dry land, the minor changes in the surfaces of other submerged forms caused by the addition of an overlay 
of organic remains such as those of Ostrea and Serpula will be investigated. Such features are of importance to the marine 
ecologist and may become so to geologists in the study of bottom currents, bottom scour, and sedimentation. 
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The topography of tectonic structural elements and the major features of 
erosional surfaces are fairly well Known. Locally, tectonic elements may greatly 
modify the form and sequence of terrane features of other types. There are areas 
in which erosional and depositional forms are so closely mingled that they can not 
be classed as having either type dominant. 

A classification of depositional surfaces, not intended to be wichiammitinns? would 
include the forms in Table I. Where features listed have both erosional and 
depositional aspects, the depositional forms only are here included. Various 
forms mentioned are of complex origins and might appear under several headings. 
The surface forms of such deposits as may exist on pediments are not separated 
from those of other alluvial or fluvial deposits. The details of three of the main 
headings—volcanic, glacial, snow, and ice—and some of the sub-headings—as 
deltaic plains—are not fully listed. 


STUDY OF DEPOSITIONAL PLAINS 


Most of the depositional surfaces have small local vertical relief and low 
gradients; that is, excepting volcanic forms, the larger depositional surfaces are 
plains. The topographic grain or pattern of these low-relief surfaces is, in many 
cases, characteristically distinctive, and diagnostic of the depositing agent and 
environment. For example, the pattern of deltaic depositional detail differs 
strikingly from that of eolian mantles. The two are found in juxtaposition in 
Texas, as are surfaces of combined erosion and deposition. But to determine 
where one type ends and the other begins, a topographic interval and a map- 
scale of sufficient fineness to show the diagnostic detail are necessary (Fig. 2). 

Photographs of the ground from heights of several thousand feet, preferably 
in color, and mosaics of these photographs, are helpful in showing diagnostic 
detail on most depositional plains and may be as informative as topographic 
mapping, or more so. In few cases do ground maps not made with a photographic 
base display depositional detail fully and adequately for all purposes. Investiga- 
tions of the origin of the materials in which the topographic detail is molded or 
sculptured are often necessary before the genetic history may be determined. 
Information on sediments, fossils, human remains, soils and the distribution of 
vegetational assemblages, besides detailed climatic mapping, contribute to the 
science of depositional geomorphology (Fig. 3). The converse is also true, that 
depositional geomorphology contributes to the scientific study of these subjects. 


RECOGNITION OF DIASTROPHIC STRUCTURES IN DEPOSITIONAL PLAINS 


When the fine detail of regional or areal depositional patterns, regional topo- 
graphic grain, and the gradients of depositional surfaces are determined, we may 
often detect the presence of inconspicuous foreign elements not otherwise readily 


7 See also: A. D. Howard and L. E. Spock, 1940, “Classification of Landforms,” Jour. Geomor ph., 
Vol. 3, No. 4 (1940), pp. 332-45. 
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Fic. 2.—BrTTER DETAIL NEEDED TO IDENTIFY, AND DIFFERENTIATE BETWEEN, DELTAIC AND 
Eo.rANn TopoGRApHY. On contact between abandoned Recent deltaic plain of Rio Grande and stabil- 
ized eolian plain. Cleared fields and sectionized land of “Cameron” (now Willacy) County and its non- 
sectionized area at south‘on delta, most of ‘‘Willacy” (now Kenedy) County area at north on eolian 
plain. From 1:62,500 Tarida Ranch Quadrangle, Cameron and Willacy counties, Texas. U. S. Geo- 
logica] Survey, 1920, on non-photographic base. Scale reduced approximately 3. 
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Fic. 3.—Sorts Sow Natural LEVEE DeEtTAIL MisseEp By 5-Foot Contours. Ox-bow at Olivers 
Ranch, and parts of levees (Vs), and channel (Vc), not shown by contours. On older Beaumont (Mont- 
gomery of Louisiana) delta of Nueces River. A, from 1-mile-to-1-inch Corpus Christi sheet, U. S, 
Bureau of Soils, 1908. 
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B, from 1:62,500 Petronilla Quadrangle, Nueces County, Texas. U. S. Geological Survey, 1923 
on non photographic base. Scale as reproduced, 1 inch equals 1 mile. 
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apparent, and not disclosed by topographic mapping of large vertical interval. 
Thus, geologists may be assisted by the mapping of fine depositional detail to 
locate partly buried diastropic structures, the outcrops of which have only low 
surface relief—such as some inliers, fault scarps, rift lines, structural mounds, 
and flexure slopes. 

Because the local relief of most depositional surfaces is low, and their topo- 
graphic patterns delicate and in some cases also rather precise, indications of 
slight deformation marking buried structures may in some cases, it is believed, be 
more readily determined, with present knowledge, on depositional than on ero- 
sional surfaces. The depositional surfaces of low relief are, in general, also rela- 
tively static for long periods after their abandonment by the agents of deposition, 
and retain for correspondingly long intervals the evidences of deformation. 


USE OF SMALL CONTOUR INTERVALS IN MAPPING DEPOSITIONAL 
SURFACES AND THEIR RESIDUALS 


Because many depositional surfaces—perhaps those of greatest areal distribu- 
tion—are plains of small local vertical relief, detailed topographic mapping of 
them, as has been said, was at first considered of little value. Hence, the early 
maps failed to reveal the widespread occurrence of fine topographic detail which 
tells the story of the origin and later history of these surfaces (Figs. 1, 5). 

The study of depositional surfaces of relatively small size occurring in regions 
where erosional plains and surfaces dominate is made difficult or impractical with 
most existing data, due to the practice of survey organizations of adopting a large 
interval for erosional detail (Fig. 4). Some improvement in this practice is found 
in the case of surfaces where irrigation, flood-control or stream reservoirs are 
planned. Then the responsible governmental agencies are likely to provide maps 
with either no topography shown above the critical level’* of flooding (Fig. 6) ora 
confusing change in contour interval’ at this level. Thus, stream terraces in such 
areas are commonly left unmapped or are mapped with too large a contour inter- 
val to show depositional detail. 

Small-interval contour mapping of a stream terrace of the lower Rio Grande® 
(Fig. 6) discloses diagnostic surface depositional detail from which (1) the true 
elevations and gradient of the original depositional surfaces of the terrace may 
be determined, (2) lower surfaces of local erosion on the terrace recognized 
and eliminated as separate terraces—although incorrectly so interpreted in this 


7a See northeast part of La Grulla sheet, just beyond area of Figure 6. Mission (Lissie) Terrace, 
there, not contoured. 


8 Where this convention is adopted, the floodplain contours should be in a different color from 
those of the upland. 


® Terrace at Rio Grande City, Texas, on which the Fort Ringgold site stands. See State Reclama- 
tion Department Sheets: Rio Grande City, La Puerta, La Grulla, Pefiitas, showing the alluvial terrace 
surface; and Hidalgo, McAllen, Weslaco, Mercedes-La Feria, showing the terrace with an overburden 
of stabilized eolian material. Scales 1:12,000 and 1:24,000; contour intervals 2 feet and 1 foot, 
respectively, for the two groups named. 
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Fic. 4.—RIveR TERRACES INDEFINITE ON LARGE-INTERVAL Map. Terraces might be predicted 
from map at Big Flat, 160-170 feet; George West, 140-160; and floodplain as 100-120. Weeks (1945, 
fig. 4, between Oakville and Dinero) reports terraces here at 108, 120, 141, 171, lowest probably 
floodplain. From 1:62,500 Oakville, Live Oak County, Texas, Quadrangle, 20-foot interval, U. S. 
Geological Survey, 1925, non-photographic base. 
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Fic. 5.—Onr-Foot Contours SHow WEALTH OF DEposITIONAL Detatt. Gulf beach on offshore 
with prograding beach-ridge plains. (Loma de la Pita and Mesa del Garilan). Active and abandoned 
1909; Price, 1933) of abandoned saline marsh and lagoonal plain (Jackass Prairie) of older part of 
waters; those closest to river inactive because their accumulation flats now have fresh-water ponds and 
logical Survey, 1929, from photographic base. 
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bar, with multiple lines of source-bordering sand dunes recording shifting of Gulf shoreline; islands 
flood-time channels of Rio Grande’s infant active delta; and 25-foot to 30-foot clay dunes (Coffey, 
Recent delta lately invaded by active sub-delta. Some clay dunes inactive, being eroded by lagoon 
marsh, not salt. From. 1: 24,000 Mouth of Rio Grande, Cameron County, Texas, Sheet, U. S. Geo- 
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Fic. 6.—Part OF 25-MILE StrETCH OF ConTINUOUS DETAILED TOPOGRAPHY ON FLOODPLAIN 
AND LowEsT TERRACE OF R10 GRANDE. Terrace reached by highest floods. From northeast corner of 
figure southwest to river is 3.5 miles; relief on the La Grulla terrace (young Beaumont or Prairie of 
Louisiana, “Ringgold” of Price’s field names, ‘Capitol or Beaumont” of Weeks, 1945, Fig. 6) from 138 
to 145 feet; floodplain from 128 in channels to 140 on levee tops. Profile drawn along backslope of 
terrace near railroad would not differentiate it by elevation from floodplain. From 112,000, 2-foot 
interval, La Grulla Sheet, Starr County, Texas, State Reclamation Department with U. S. Geological 
Survey and International Boundary Commission, 1931. As here reduced, 1 inch= 3,000 feet. 
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Fic. 7.—IDENTIFICATION OF TERRACE RAISED ro FEET BY EOLIAN MANTLE. Terrace at La Grulla (Fig. 6) traced 20 miles down river to 
Mission is found to lie at floodplain level or slightly below (105-115 feet) by detailed profile study from contoured surfaces. Built-up part (110- 
115 S. of Mission) here preserved (Main Floodway channels, to foot of scarp at Mission) but often flooded before levees built. Mission Terrace 
(Foscue 1932) 126-145 with dunes above, from Mission north, also has eolian mantle with stabilized NW.-SE. longitudinal dunes, as in Fig. 1, 
18 miles east, and is Lissie in age. High scarp north of Mission rises to eroded front of Reynosa limestone karst plain. From 1:24,000 McAllen 
Sheet, Hidalgo County, Texas, State Reclamation Department, local irrigation surveys, International Boundary Commission, U. S. Geological 
Survey and U. S. Coast and Geodetic Survey, 1937. Scale as here reproduced, 1} inches equal 1 mile. 
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case by a geologist from field observation alone—(3) the terrace identified and 
the position of its depositional surface determined where it lies locally under a 
mantle of stabilized eolian materials, which has built up its surface (Fig. 7). 

Study of this and other adequately contoured depositional stream terraces 
shows the great superiority of determinations of terrace position, continuity 
and gradient made from the study of contours, and the depositional detail which 
they reveal, over any other method of terrace identification and correlation; such 
as by profiles constructed from elevations along linear traverses, including cross 
sections of the upper surface of a terrace as identified visually in the field.’° 
This conclusion is believed to hold no matter how accurately the occasional ele- 
vations and profiles not derived from continuous contouring may be instrumen- 
tally determined. This information, vital in the study of stream terraces, might 
never have been obtained without small-interval topographic maps of a long 
stretch of a fairly well preserved stream terrace," and without recognizing that 
stream terraces leading upstream from deltas may have—probably commonly 
have preserved for some distances—depositional surfaces on thick fluvial terrace 
deposits. 

CONCLUSION 


The systematic study of the forms and surface detail of depositional units 
from adequate data has made, and promises still further, substantial additions to 
the science of geomorphology and will, the writer believes, contribute much to 
our knowledge of the late geologic and climatic history of the earth. 

More extensive mapping of depositional surfaces is much needed, using 1-foot 
to 5-foot (or 1-meter) contours and aerial photographs as a base. 
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BLACK WARRIOR BASIN, ALABAMA AND MISSISSIPPI’ 


FREDERIC F. MELLEN?® 
Jackson, Mississippi 


ABSTRACT 


A triangular area of approximately 35,000 square miles of norma] Paleozoic sediments occupies a 
large part of northern Mississippi and northwestern Alabama. The Black Warrior basin, as its ex- 
tension is herein proposed, is bounded on the east by the southwesterly plunging Appalachian folds; 
on the south and southwest by the southeasterly plunging Ouachita mountain system; and on the 
north by the high Ordovician areas in central and western Tennessee. A soft cover of Mesozoic and 
Tertiary sedimentary deposits ranges from a feather edge at the Paleozoic outcrop in the northeastern 
part of the area to 6,000 feet in central Mississippi. Several hundred test wells have penetrated 
Paleozoic sedimentary rocks ranging in age from Cambro-Ordovician to Pennsylvanian. The com- 
bined total thickness of sedimentary rocks penetrated by these wells is about 12,000 feet. Other than 
a test well in Webster County, Mississippi, which questionably encountered acidic igneous rock, no 
igneous or metamorphic rocks have been found in the basin. In the Ouachita boundary area south 
and southwest of the basin, basaltic intrusions, probably Mesozoic in age, are common in more or less 
metamorphosed sediments of Paleozoic age. Commercial gas production from Silurian, Mississippian, 
and Pennsylvanian rocks has been insignificant; but the numerous showings of gas and oil, combined 
with many sharp unconformities and marked lateral lithologic changes, together with many known 
faults and anticlinal structures, make the Black Warrior basin one of the large remaining undeveloped 
potential oil- and gas-producing provinces of the North American continent. 


The subject of this paper is the geology of a triangular area of approximately 
35,000 square miles of normal Paleozoic sediments, bounded on the north by 
Tennessee, on the southeast by the southwesterly plunging Appalachian Moun- 
tains of Alabama, and on the southwest by the buried Ouachita mountains of 
eastern Arkansas and northern Mississippi. This great area, in which 12,000 feet 
of sedimentary rocks have been penetrated by wells, and in which the total 
sedimentary column may be many times greater than already known, is treated 
in this paper as a single geologic province. It is proposed to extend the name 
Black Warrior basin from the important coal-producing area of western Alabama 
to cover all of the province thus described. Whether or not correctly described 
as a basin, the area has been one of great negative epeirogenic tendencies. 

The location of the Black Warrior basin, the relation of this province to sur- 
rounding provinces, and the distribution of the larger rock units are shown in 


1 Read before the Association at Biloxi, Mississippi, October 24, 1946. 


2 Mellen and Monsour, consulting geologists. Many publications and individuals have been 
consulted during the period preceding preparation of this paper. First acknowledgment is to W. C. 
Morse who introduced the writer, as a student, to the Paleozoic rocks of northeastern Mississippi in 
1929. Publications of the United States Geological Survey, the Alabama, Mississippi, Tennessee, and 
Illinois surveys have been used as frequent references, as have various articles in the Bulletin of the 
A.A.P.G. The work and ideas of the following geologists have been used in development of this paper: 
Arthur Blair, C. S. Blair, B. W. Blanpied, K. E. Born, M. N. Bramlette, Charles Butts, D. C. Har- 
rell, L. R. McFarland, Miss Winnie McGlamery, W. C. Morse, K. A. Schmidt, D. R. Semmes, H. N. 
Toler, K. K. Spooner, F. E. Vestal, H. R. Wanless, J. M. Weller, J. B. Wheeler, and C. W. Wilson, Jr. 
Well information and correlations have been furnished by the following companies: Atlantic Refining 
Company, Carter Oil Company, Magnolia Petroleum Company, Seaboard Oil Company, Stanolind 
Oil and Gas Company, Tide Water Associated Oil Company, and Union Producing Company. The 
Sun Oil Company assisted in drafting the illustrations. 
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Figure 1. C. W. Wilson, Jr.,3 has determined four provinces resulting from the 
geologic development: 

(1) a deformed hinterland area of metamorphic and igneous rocks from which 
sediments of Paleozoic age were derived; (2) an intensely folded and faulted 
anticlinorium; (3) a folded synclinorium; and (4) complementary arches de- 
veloped plastically as compensating effects of hinterland orogenies. 

In the present usage, the Black Warrior basin is Wilson’s belt 3, the folded 
synclinorium lying between the intensely folded anticlinorium, belt 2, and the 
complementary arches developed in belt 4, which are the high Ordovician areas 
of Tennessee, the Nashville dome, and the buried Ozarkian uplift of western 
Tennessee, and eastern Arkansas and Missouri. The areal distribution of the rocks 
beneath the Mesozoic and Tertiary sediments of the Mississippi embayment is 
based on sparse but fairly reliable well data. 

There are two schools of thought on the relation of Ouachita and Appala- 
chian orogenies: (1) that they constitute one system of development connecting 
in a great acute bend in the vicinity of Lauderdale County, Mississippi; and 
(2) that they are independent developments which intersect and cross in the area 
of Hatchetigbee anticline. Particularly is the orogeny, as well as the stratig- 
raphy, poorly understood in the deeper parts of the embayment where wells 
penetrating the Paleozoic are rare and where the depths of penetration are not 
great. 

The southwestern side of the Black Warrior basin is now probably defined by 
three wells: the Sun Oil Company’s Hilma Wall No. 1 (and the Sun Oil Com- 
pany’s Citizens Bank No. 1), the Southern Natural Gas Company’s Smith, No. 1, 
and the Slick-Plains’ Breazealle, No. 1, in Newton, Neshoba, and Neshoba coun- 
ties, respectively, which entered Cambro-Ordovician dolomites and limestones, 
and by two wells, the Magnolia Petroleum Company’s Culpepper No. 1 and the 
Shell Oil Company’s Wheless No. 1 in Lauderdale and Attalla counties, respec- 
tively, which entered Pennsylvanian shales. 

The development of the Kilmichael dome in Montgomery County, Missis- 
sippi, although showing great structural uplift and complexity in the Cretaceous 
and Tertiary sediments, in the Gulf Refining Company’s Parker No. 1 and in core- 
holes and on the surface, except for steep dips in the Pennsylvanian, appeared 
to be normal on the Paleozoic surface. Priddy has compared the surface structural 
expression of this feature with the typical structural pattern of crypto-volcanic 
structures. The position of this structure is fairly closely in trend with the Oua- 
chita front as shown by the wells in the foregoing paragraph; and a comparison 
with the relationship observed by Lockett® of the crypto-volcanic structure in 

3 Charles W. Wilson, Jr., ‘Probable Connection of the Nashville and Ozark Domes by a Com- 
plementary Arch,” Jour. Geol., Vol. 47, No. 6 (1939), pp. 583-07. 

4R. R. Priddy, “Montgomery County Mineral Resources,” Mississippi Geol. Survey Bull. 51, 


Pt. 2 (1943), pp. 42-46. 
5 J. R. Lockett, “Development of Structures in Basin Areas of Northeastern United States,” 


Bull. Amer. Assoc. Petrol. Geol., Vol. 31, No. 3 (1947), P- 437- 
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Adams County, Ohio, “directly in line with the trend of the Maysville fault,” 
is interesting. It is probable, therefore, that the Kilmichael dome has a deep- 
seated origin. 

It is beyond the scope of this paper to discuss the stratigraphy of the highly 
folded and metamorphosed sediments of early Cambrian and pre-Cambrian age 
in eastern Alabama, but it is perhaps worthy of note that these dominantly 
clastic marine sediments are many thousands of feet in thickness, and that there 
is a possibility of the quartzitic sands and conglomerates passing beneath the 
Black Warrior basin as porous reservoir rocks to be sought at some future date. 

The stratigraphy of the Black Warrior basin has been fairly well mapped 
for many years. In the Birmingham area the coal and iron ore development, with 
the accompanying developments of limestone and dolomite for limes, cements, 
‘and fluxes provided intensive detailed stratigraphic study by commerical, State, 
and Federal geologists. For most of the basin the section in the Birmingham 
Quadrangle (Fig. 2) is fairly representative, excepting the post-Clinton Silurian 
and the Devonian, both of which systems are typically exposed in the Tennessee 
River Valley of west-central Tennessee. 

Two thousand feet of rocks of middle and upper Cambrian age, limestones, 
shales, and sandstones, are found in the Rome and Conasauga formations. These 
are succeeded in unconformable relationship by the Knox dolomite estimated to 
be 3,300 feet thick in the Birmingham area, and perhaps many hundreds of feet 
thicker in parts of the Black Warrior basin. There is probably no greater mass 
of dolomite known anywhere in the world. At the base of the Knox, its Ketona 
dolomite member is chert-free and is the most important source of flux in the 
area. In the Birmingham Valley all of the Knox is stated to be upper Cambrian 
in age but elsewhere dolomites and dolomitic limestones of early Ordovician age 
are developed, seemingly in conformity with the lower dolomites. For this rea- 
son, and in the absence of sufficient criteria, all of the dolomitic rocks in the basin 
between the Conasauga and the Stones River, or Chickamauga, are generally 
classified as Cambro-Ordovician. 

As stated, the Knox in the Birmingham Valley is greatly eroded and is over- 
lain in angular unconformity by the Attalla conglomerate, which ranges from a 
feather edge to 40 feet of chert and quartzite pebbles up to 5 inches in diameter 
embedded in medium-grained sandstone. Such a basal conglomerate has not yet 
been noted in subsurface and is of only local development in the Appalachian 
valleys. 

The younger Ordovician Knox is extensively developed throughout the sub- 
surface west of the axis of the Sequatchie anticline. More or less erratic zones 
of porosity are widely developed in northeastern Mississippi, northern Alabama, 
and around the Nashville dome through many hundred feet of the section. The 
porous bands are generally thin, and the porosity is developed in thin, sand- 
stones of rounded and frosted grains, in crystalline dolomite, or in cherty zones.® 


6K. E. Born, “Lower Ordovician Sand Zones (‘St. Peter’) in Middle Tennessee,” Bull. Amer. 
Assoc. Petrol. Geol., Vol. 24, No. 9 (1940), pp. 1641-62. 
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Although blanket porosity in the usual sense is not implied, a study of the 
salinity of waters from the so-called “St. Peter” zone reveals greater salinities 
in the synclinal areas. In a large area on the southwest flank of the Nashville 
dome fresh or nearly fresh waters are found, suggesting invasion in the west 
Tennessee arch area when that area was breached during Mesozoic time. Show- 
ings of oil and gas have been common in the Knox but none has been commercially 
produced in this province. 

The Chickamauga limestone of Birmingham Quadrangle includes rocks that 
are more perfectly known in the Nashville dome area, including, in ascending 
order, the Stones River, Black River, and Trenton series. The pencil-cave 
bentonite in the upper Black River, which is an important datum horizon in Ken- 
tucky, eastern Tennessee, and northeast Alabama, is absent in most of the Black 
Warrior basin. The Black River-Trenton contact is generally sharp indicative 
of unconformable relationship. Immediately below this contact showings of oil 
and gas have been common. Detailed sample studies reveal many criteria for 
correlation in the Ordovician over greater or less distances. There is subsurface 
evidence of marked thinning of the entire Ordovician toward the deeper part 
of the basin so that the unconformities within the Ordovician and at the top of 
the Ordovician become of greater magnitude. The top of the Ordovician in much 
of the area is marked by a relatively uniform blanket 30-50 feet in thickness of 
brownish gray silty calcareous shale, commonly containing crystalline phosphatic 
and cherty limestone in the lower part. This horizon is the Fernvale formation 
of Richmond age. Its top, in unconformable contact with the reddish crystalline 
limestones of Silurian age, is commonly yellow. The top of the Ordovician (Fig. 
3) is one of the best datum horizons in the province. 

The Silurian and Devonian rocks in the basin are related more closely to those 
of west-central Tennessee, and in turn with those of southern Illinois and eastern 
Missouri. Their horizons are mostly represented by unconformity in the Birming- 
ham area. The outcrop section as developed by the Tennessee Geological Survey, 
contains four Silurian formations and nine Devonian formations (Fig. 4). The 
section is modified from the Tennessee usage by including the Chattanooga in 
the Devonian and by excluding the Fernvale from the Silurian. Both on the out- 
crop and in the subsurface it is difficult to recognize the Silurian-Devonian bound- 
ary. Further work on this problem is needed. Elements of the Siluro-Devonian 
section of the outcrop can be identified only by painstaking sample study. As 
an example, the Flat Gap limestone has been identified in the Levan and Akers’ 
Whitaker No. 1 in Tishomingo County, Mississippi (Fig. 5). This formation is not 
known in the outcrop Devonian section of Mississippi, set up by W. C. Morse, 
but its type area is in Hardin County, Tennessee, a few miles away. The struc- 
ture-correlation section, built up almost along the strike, shows the overlap by 
late Devonian Chattanooga black shale of all Devonian and Silurian formations, 
so that locally in Limestone County, Alabama, the Chattanooga probably rests 
on Ordovician. This marked truncation of the Siluro-Devonian sediments reveal 
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an important stage in the geological development of the region. It reveals the 
magnitude of the unconformity at the base of the Chattanooga, and it furnishes 
an important interval for construction of isopach maps. 

The Chattanooga shale is a valuable datum (Fig. 6) through most of north 
Alabama. Here, as on the outcrop in the northeast corner of Mississippi, and on 
the western Highland Rim of the Nashville dome it is thin, reaching a maximum 
thickness of 35 feet. It is characteristically black, fissile, petroliferous shale, and 
is progressively sandier farther west. Locally on the outcrop, and almost 
everywhere in the subsurface in Mississippi, it is absent, and its position is a point 
of dispute. 

The thin Maury green shale or sandstone, frequently correlated as the upper 
member of the Chattanooga, is, unlike the Chattanooga, glauconitic, the glauco- 
nite ranging upward for a hundred feet into the overlying Mississippian chert 
or shaly limestone. This is evidence that the Maury is basal Mississippian, 
probably Kinderhook in age, perhaps correlative with the New Providence shale 
of central Tennessee, or the Springville green shale of southern Illinois. 

All of the lower Mississippian beds, of Kinderhook, Osage, and Meramec age, 
occupy 400 feet of section in the north part of the basin, thinning downdip to 
150 feet or less. Those beds are characteristically shaly and cherty in the lower 
parts and in the upper parts are richly fossiliferous, crystalline, and locally odlitic, 
and commonly show oil and gas or water in the test wells. Locally, red shale and 
pink crystalline limestone, similar to the Silurian Wayne formation, are de- 
veloped in the lower part. These beds are separated from the overlying Chester 
series by an unconformity. The base of the Chester is a relatively easy datum to 
recognize in samples. 

The Chester series, averaging more than 1,000 feet in thickness, has been 
divided into many formations in Alabama, Mississippi, and Tennessee. The 
sequences and lithologic character approximately parallel those of the Chester 
in the type Illinois section. Lenticular sands, thick sandy marine shales, and 
odlitic and dense limestones are common. The isolithic map (Fig. 7) indicates 
an increasingly clastic character toward the deeper parts of the basin. High 
percentages of limestone nearer the Nashville dome and the Appalachian front 
are suggestive of the reef-building tendencies of Chester time. In the upper part 
of the Chester are about 500 feet of thin beds of limestone and dark red and green 
shales, in addition to characteristic dark gray silty fossiliferous shales. This sec- 
tion is characterized by the presence of ‘“‘ankerite” pellets and commonly has 
at its base a clean fine-grained sandstone. This entire section may be Penning- 
ton in age, and Blanpied’ has pointed out that the basal sand is the Amory gas 
sand and much younger than the Hartselle sandstone which is developed low in 
the Chester. A primitive fusulinid fauna of the genus Millerella in Gregg-Tex’ 
Burdine No. 1, Itawamba County, Mississippi, from 150 feet above the Amory 


7 BR. W. Blanpied, personal communication. 
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Gas sand is being described by M. L. Thompson. This is the only reported fusu- 
line fauna in the province. 

Overlying the Pennington in Birmingham Quadrangle are 200-2,000 feet of 
fine-grained clastic sediments, fine-grained sandstones and sandy micaceous 
shales containing thin fossiliferous beds, and locally developed limestone. This 
section, which is regressive in character, has both Mississippian and Pennsyl- 
vanian characteristics, both lithologically and faunally. Contrary to published 
statements, the Parkwood, although locally overlapped, is developed in the 
basin. It is well exposed in the outcrop in Franklin, Lawrence, and Marion coun- 
ties, Alabama, shows a tendency to thicken basinward, and is a useful contour 
datum. 

Following the original definition of Williams in 1891, when he defined the 
Pennsylvanian as the strata between the base of the so-called ‘Millstone Grit” 
to the top of the Dunkard formation, and the usage of Butts, the base of the 
Pennsylvanian system is at the base of the conglomeratic sandstones which 
overlie in pronounced unconformity the Parkwood and Pennington. The geologic 
events that produced the coarsely clastic sediments above the Mississippian 
inaugurated the greatest period of deposition known in the basin (Fig. 8). In the 
lower 1,000 feet of Pennsylvanian deposition several great bodies of coarse- 
grained conglomeratic and arkosic sandstones are developed. In the Cahaba 
coal field east of Birmingham these sands in ascending order are the Shades, 
Pine, and Chestnut. Though normally separated by shales, which locally contain 
coal beds and thin fossiliferous strata, these sands, which are basal members of 
sedimentary cycles, locally, at least in the Black Warrior basin, overlap the sub- 
jacent shale members so as to merge with the underlying sand. Cyclical depo- 
sition continues up through the 5,000 feet or more of Pennsylvanian with in- 
creasing amounts of shales and decreasing thicknesses of the basal sands. In 
contrast to the 100-foot or less cycles of the Illinois basin that build up its 2,500 
feet of Pennsylvanian, and total more than 50 cyclothems, the cycles of the Black 
Warrior basin are 100-feet or more—commonly 300 or even 400 feet in thickness. 
Also in contrast, the thin fossiliferous elements of the cycles in the Black Warrior 
basin are poorly developed, and fusulinid faunas are still unknown, whereas in 
the Illinois basin limestones 25 feet or more in thickness and rich fusulinid faunas - 
are common. If may be concluded, therefore, that great uplift of the Appalachian 
hinterland at the onset of the Pennsylvanian period with compensating down- 
warping of the Black Warrior basin produced the thicker and more clastic sedi- 
mentary cycles and inhibited development of marine faunas such as flourished 
in the more slowly sinking Illinois basin. 

Finally, after Pennsylvanian deposition, the entire province was uplifted 
and received no recorded sedimentation during Permian time. From the early 
Mesozoic until Upper Cretaceous, the subsurface shows northward transgression 
of many formations over the Paleozoic floor. Although the unconformity between 
the Paleozoic and Mesozoic is very great, the Paleozoic floor (Fig. 9) shows a 
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fairly smooth configuration. On the outcrop this contact is irregular and the 
Tuscaloosa overlaps from middle Pennsylvanian in the south to basal Missis- 
sippian in the north, in places resting on residual clays. 

Many faults have been mapped in the Black Warrior basin. These faults show 
in general a strike roughly normal to the axis of Appalachian folding. Grabens 
in Lauderdale and Colbert counties have displacements ranging from 100 to 
about 300 feet, where blocks of Chester sediments have been dropped deep into 
the lower Mississippian cherty limestones. With the exception of Appalachian 
and Ouachita belts of thrusting, nearly all of the faults are normal. The isocarb 
values increase from less than 55 per cent in the deeper part of the basin to more 
than 75 per cent in the highly folded Appalachians. 

Every Paleozoic system represented in the basin has shown some porosity 
and has yielded showings of cil and gas. Gas in limited amounts has been found 
in Monroe County, Mississippi, in the Chester; in Fayette County, Alabama, 
about 1,000 feet above the base of the Pennsylvanian; in Walker County, Ala- 
bama, in the Chester; in Madison County, Alabama, in the Silurian at Huntsville, 
and probably in the Ordovician at Hazel Green. The reasons for accumulation 
at these places are not clear. No doubt both structural and stratigraphic elements 
are involved. Mississippian and Pennsylvanian strata are commonly asphaltic 
on the outcrop where commerical rock asphalt operations have been developed. 
In wells the quality ranges from asphalts to oils of 35° or 40° gravity. The best 
zones of porosity known are in the cherty or sandy dolomites and limestones 
of the Knox, of the middle and upper Devonian, and of the lower Mississippian, 
and in the sandstones of the Chester and lower 1,000 feet of the Pennsylvanian. 
Many reservoirs contain sufficient salt water and permeability to afford effective 
water-drive. 
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STRATIGRAPHY OF OUTCROPPING CRETACEOUS BEDS OF 
SOUTHEASTERN STATES! 


WATSON H. MONROE? 
Washington, D. C. 


ABSTRACT 


Cretaceous sedimentary rocks crop out in the southeastern states from the head of the Missis- 
sippi embayment in Kentucky southward and eastward at least as far as central Georgia. Their total 
thickness is about 2,100 feet. The sequence is divided in ascending order into the Vick formation of 
undetermined Cretaceous age, the Tuscaloosa group, the McShan formation, the Eutaw formation, 
and the Selma group. In terms of Texas equivalents the Woodbine formation is represented in the 
southeastern states by the Cottondale, Eoline, and possibly the Coker formations; the Eagle Ford 
shale by the Gordo and McShan formations; the Austin chalk by the Eutaw formation, the Moore- 
ville chalk, and its lateral equivalents (the Blufftown formation and the lower part of the Coffee sand); 
the Taylor marl by the lower part of the Demopolis chalk and its equivalents (the lower part of the 
Cusseta sand and the Tupelo tongue of the Coffee sand); and the Navarro group by the upper 
part of the Demopolis chalk, the upper part of the Cusseta sand, the Ripley formation, the Prairie 
Bluff chalk and its lateral equivalents (the Owl Creek formation and the Providence sand). 


INTRODUCTION 


The Cretaceous sediments of the eastern Gulf region appear at the surface 
in a great crescentic band that wraps around the southwestern end of the plung- 
ing Appalachian Highland region including the bordering Piedmont Plateau on 
the southeast and the Nashville uplift on the northwest. The band is 500 miles 
long and centrally is 75 miles wide; the maximum thickness of the exposed sedi- 
ments is estimated to be about 2,100 feet. All the Cretaceous deposits that 
crop out in the region are Upper Cretaceous in age excepting possibly the Vick 
formation which may be Lower Cretaceous in age. 

The sequence is notable because of the regularity of deposition over large 
areas and because of the extensive overlaps at the two ends of the arc. Through- 
out east-central Mississippi and west-central Alabama the entire upper part of 
the Upper Cretaceous is formed of chalk of greater or less purity. Both north and 
east from this region the chalk grades laterally in a series of interlocking tongues 
into sand and clay facies, which suggests that during Upper Cretaceous time 
streams entering the Gulf in the upper reaches of the Mississippi Embayment and 
farther east in what is now Georgia and South Carolina were more active trans- 
porting agents than streams that entered the Gulf from the southwestern exten- 
sion of the Appalachian upland in western Alabama. 


STRATIGRAPHIC RELATIONS 


Data are beginning to accumulate for close correlation of the eastern Gulf 
section with the more thoroughly studied section of Texas. It now appears that 
within the Upper Cretaceous the entire Texas section can be recognized in Ala- 


1 Published by permission of the director of the United States Geological Survey. Read before the 
Association at Biloxi, October, 1946. Manuscript received, April 28, 1947. 


2 Geologist, United States Geological Survey. 
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bama, and it is possible that rocks crop out in Alabama that are not present on 
the outcrop in Texas. 

The oldest rocks thus far found in the eastern Gulf Coastal Plain crop out in 
a small area in Bibb County in central Alabama. They consist of very micaceous 
cross-bedded sandstone and brick-red clay unlike any deposits in the overlying 
Tuscaloosa group, and unlike any of the underlying Paleozoic rocks in lithologic 
character or structure. Conant*® has named these rocks the Vick formation and 
suggests that they may be Lower Cretaceous or Jurassic in age. He recently 
collected some plants that R. W. Brown identifies as dicotyledonous, thus indi- 
cating Cretaceous age. It is hoped that as more wells are drilled in near-by parts 
of Alabama, it will be possible to date these rocks more definitely. 

The sediments younger than the Vick formation are divided in ascending 
order into the Tuscaloosa group, the McShan formation, the Eutaw formation, 
and the Selma group. Knowledge of their age is now far enough advanced that 
they can be correlated approximately with stratigraphic units in Texas.5 As 
the Texas section is much better known to petroleum geologists than is the 
eastern Gulf section, the formations are discussed in the order of the Texas 
equivalents. 

The Woodbine formation of Texas consists of a sequence of shallow-water 
marine lagoonal deposits containing in Cooke, Grayson, and Denton counties a 
large delta-complex of highly cross-bedded sand and massive clay. Some of the 
deltaic sediments were deposited in and near distributaries as sand and shale 
and others were deposited in lagoons and swamps as clay and silt. In the Eastern 
Gulf region deposits of Woodbine age are represented by at least two, possibly 
three formations: the Cottondale, Eoline, and Coker formations of the Tusca- 
loosa group. The Cottondale and Eoline formations together form a stratigraphic 
sequence of nearshore or continental deposits overlain, probably conformably, 
by shallow marine glauconitic sand and rippled sandy clay. The Cottondale is 
present only near Tuscaloosa, but the Eoline extends northward into Fayette 
County and southeastward to the Coosa River Valley in east-central Alabama. 
There is a possibility that the Cottondale is merely a deltaic member of the Eoline 
and thus is present only in the vicinity of the mouth of a Cretaceous stream. The 
Eoline changes facies along the strike from very near-shore rippled fine sand in 
the north to thin-bedded fine sand and shale in the southeast. The more south- 
easterly exposures also contain rare prints of brackish-water mollusks of types 
identified by L. W. Stephenson as common in the Woodbine of Texas. Oyster 


3 L. C. Conant, “Vick Formation of Pre-Tuscaloosa Age of Alabama Coastal Plain,” Bull. Amer. 
Assoc. Petrol. Geol., Vol. 30, No. 5 (May, 1946), pp. 711-15. 

4W.H. Monroe, L. C. Conant, and D. H. Eargle, ““Pre-Selma Upper Cretaceous Stratigraphy of 
Western Alabama,” Bull. Amer. Assoc. Petrol. Geol., Vol. 30, No. 2 (February, 1946), pp. 187-212. 

W. H. Monroe, “Notes on Deposits of Selma and Ripley Age in Alabama,” Alabama Geol. Survey 
Bull. 48 (1941). 

5 W. H. Monroe, “Correlation of the Outcropping Upper Cretaceous Formation in Alabama and 
Texas,” U.S. Geol. Survey Prelim. Chart 23, Oil and Gas Investig. Ser. (1946). 
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reefs are present locally, just as in the upper part of the Texas Woodbine. The 
fossils and stratigraphic position suggest a close correlation of the combined 
Cottondale and Eoline formations with the Woodbine formation. 

The Eoline is overlain unconformably with a deeply channeled contact by the 
Coker formation, which consists of highly cross-bedded non-glauconitic mica- 
ceous sand, pink to purple clay, and finely sandy clay. The Coker is noteworthy 
because of the large channel deposits of which it is composed. Some channels a‘ 
the base have gouged as deep as 50 feet into the underlying Eoline. Higher in the 
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Fic. 1.—Geologic map of beds of Upper Cretaceous age in southeastern states. 


formation other channels have been scoured and filled, giving the Coker a charac- 
teristic coarsely cross-bedded appearance. The correlation of the Coker with the 
Texas section is not certain. On the basis of the Foraminifera in its downdip 
equivalent Paul and Esther Applin® are inclined to correlate it with the Eagle 
Ford shale, but on the outcrop the Coker appears to be more closely allied litho- 


6 P. L. Applin and E. R. Applin, “Regional Subsurface Stratigraphy of Middle and Early Upper 
Cretaceous Rocks in Alabama, Georgia, and North Florida,” U. S. Geol. Survey Prelim. Chart 26, 
Oil and Gas Investig. Ser. (1947). 
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logically and structurally to the Eoline than to the overlying Gordo formation, 
so that it is believed that it may be equivalent to the upper part of the Woodbine. 
The areal distribution of the combined Cottondale, Eoline, and Coker formations 
is shown by one pattern on the map (Fig. 1). 

The Eagle Ford shale of Texas consists principally of black shale that contains 
a distinctive neritic fauna. In the Eastern Gulf region the beds that are believed 
to be equivalent to the Eagle Ford were deposited on flood-plains, in swamps, and, 
in the upper part of the sequence, in shallow marine waters. Thus far no fossils 
other than the borings of Halymenites and a few poor leaves have been found in 
these beds, so exact correlation between Texas and the eastern Gulf region is as 
yet impossible. The Coker formation is overlain unconformably by the Gordo 
formation, the top unit of the Tuscaloosa group. The lower half of the Gordo con- 
sists of cross-bedded sand and gravel and lenticular masses of purple and gray 
clay, and the upper half consists principally of thick masses of mottled purple and 
gray clay containing lenses of sand, locally gravelly. Near the top of the forma- 
tion the clay contains disseminated grains of siderite. The Gordo grades upward 
into the McShan formation, formerly considered the lower part of the Eutaw 
formation. The McShan consists principally of cross-bedded fine to very fine sand 
and thin-bedded and rippled very fine sand and clay, resembling closely in lithol- 
ogy the Eoline formation. Characteristically it contains abundant very fine 
pale green glauconite grains in contrast to the underlying non-glauconitic Gordo 
and the overlying coarsely glauconitic Eutaw. No molluscan fossils or Forami- 
nifera have yet been found in the McShan at the outcrop, and its lithologic char- 
acter is not promising for fossils, but careful search of downdip outcrops in river 
bluffs may result in finding a few fossils that will afford a sound basis for correla- 
tion with the Texas section. The Gordo formation extends from the Tennessee 
River Valley in northern Alabama and Mississippi southward and eastward at 
least as far as central Georgia. On the other hand, the McShan is overlapped by 
the Eutaw in northern Tishomingo County, Mississippi, on the north and in 
Autauga County, Alabama, on the east, reaching its maximum exposed thickness 
of somewhat more than 200 feet near Tuscaloosa in Greene or Hale County, 
Alabama. The outcrop of the Gordo and McShan formations is shown in Figure 1 
by a single pattern. 

The formations believed to be equivalent to the Austin chalk of Texas include 
the restricted Eutaw formation and the basal formations of the Selma group, in- 
cluding the Mooreville chalk and its sandy equivalents the Blufftown formation 
to the east and the lower part of the Coffee sand to the north. The Eutaw forma- 
tion is much like the McShan except that the cross-bedding is of a coarser type, 
the grain size of the sand is slightly coarser, the glauconite is much coarser and of 
a somewhat different type, weathering more readily to limonite than does that of 
the McShan, and fossils have been found in all parts of the formation. The Eutaw 
is overlain, south of Tupelo, Mississippi, and west of Tuskegee, Alabama, by the 
Moorevillle chalk—very marly or clayey chalk, locally glauconitic and possibly 
sandy. At some places the contact with the Eutaw is sharp and is marked by a 
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basal conglomerate of phosphatic molds, and in the Sipsey River Valley in west- 
ern Alabama the Mooreville appears to overlap the upper part of the Eutaw. In 
other places, however, the two formations appear to be gradational, so at present 
the relative importance of the unconformity is not known. At the top of the 
Mooreville the Arcola limestone member consists of one to four beds of very hard 
limestone, interbedded with gray marl. Samples collected from the Arcola mem- 
ber have yielded Austin Foraminifera and samples from the overlying Demopolis 
chalk contain Taylor species, so the equivalence of this contact (the Mooreville- 
Demopolis) to the Austin-Taylor contact in Texas is fairly well established. 

In the northern part of Lee County, Mississippi, the Mooreville chalk merges 
northward into cross-bedded sand and thin-bedded sand and clay of the lower 
part of the Coffee sand. The unconformity at the top of Mooreville in Alabama 
has been traced as far north as Lee County, where the Mooreville is overlain by 
the Tupelo tongue of the Coffee, but farther north it has not been recognized 
within the Coffee. Even in the northern part of Mississippi, however, the Tupelo 
tongue is lithologically different from the underlying part of the Coffee, and it is 
probable that careful search of the outcrop would reveal an unconformity within 
the Coffee. 

The Mooreville chalk extends into eastern Alabama as far as Macon County 
with little change in lithologic character. There the basal part merges laterally 
into chalky sand and a little farther east the chalky sand merges into gravelly 
sand, the basal conglomerate of the Blufftown formation. Overlying these 
sandy beds is a long tongue of chalk that extends eastward as far as west-central 
Russell County, where it merges into sandy clay that can be traced eastward into 
Georgia. The contact between the Blufftown of Austin age and the overlying 
Cusseta sand of Taylor age is very sharp, and in Georgia the Cusseta overlaps all 
the Blufftown and the underlying Eutaw to rest on the Gordo formation of the 
Tuscaloosa group. Thus in central Georgia beds of Taylor age rest on beds be- 
lieved to be lower Eagle Ford in age, and all beds of Austin age are cut out. 

An interesting feature of these beds of Austin age is their relative thickness 
along the strike. In western Alabama and east-central Mississippi the thickness 
of the combined Eutaw and Mooreville formations is about 440 feet. In central 
Alabama between Selma and Montgomery the combined thickness of these two 
units is about 750 feet. In the Chattahoochee River Valley the total thickness of 
these beds is only about 500 feet. The writer knows of no evidence indicating that 
much of the upper part of the Mooreville is missing in western Alabama, so the 
only explanation offered is that during Austin time central Alabama must have 
been slowly warped down to provide for deposition of a thicker mass of sediments 
than on the east and the west. At the extreme ends of the belt of outcrop these 
beds are thinner because of missing section both at the top and bottom of the 
sequence. 

The upper part of the Upper Cretaceous sediments in the southeastern states 
can best be divided into two sequences. The lower includes beds of Taylor and 
lower Navarro age and the upper part beds of upper Navarro age. The lower 
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sequence includes the Demopolis chalk and its equivalents and the overlying 
Ripley formation. The upper consists of the Prairie Bluff chalk and its lateral 
equivalents. 

The Taylor marl in Texas includes beds of marl or chalky clay, chalk, and 
sand. It is overlain by the Neylandville marl, included in the Taylor by many 
micropaleontologists, but in the Navarro group by the United States Geological 
Survey. The Neylandville is overlain by the Nacatoch sand. These units are 
together equivalent to the combined Demopolis-Ripley sequence of the eastern 
Gulf region. 

The Demopolis chalk rests unconformably on the Mooreville chalk from a 
point near Tupelo, Mississippi, southward and eastward to a point near Mont- 
gomery, Alabama. The lower part consists of marly chalk grading upward into a 
facies of pure chalk. The basal 50 feet of the Demopolis contains the small bi- 
valve Diploschiza cretacea striata also present in the basal part of the Taylor in 
northeast Texas. Immediately above this zone the Demopolis consists of pure 
chalk the lower part of which contains Diploschiza cretacea and Terebratulina 
filosa, fossils found also in the Annona chalk and the Pecan Gap chalk member of 
the Taylor in Texas. This pure chalk facies grades sharply upward into marly 
chalk containing abundant specimens of Exogyra cancellata which is also charac- 
teristic of the Neylandville marl of Texas. 

In northern Mississippi near Tupelo the part of the Demopolis up to the upper 
part of the Diploschiza cretacea zone merges laterally into the Tupelo tongue of 
the Coffee sand. The Tupelo tongue consists predominantly of massive glauconitic 
sand that contains scattered fossil shells. It resembles closely in lithologic charac- 
ter the upper part of the Eutaw formation, and for many years the entire Coffee 
sand was considered a member of the Eutaw formation. 

In Alcorn County, Mississippi, the chalk in the upper part of the Exogyra 
cancellata zone grades laterally into sandy clay and sand of the Coon Creek tongue 
of the Ripley formation. In other words in extreme northern Mississippi and in 
Tennessee the Demopolis-Ripley contact is stratigraphically lower than it is 
farther south. : 

In Alabama, also, the Demopolis chalk merges laterally into formations of 
clastic sediments. Near Montgomery the Demopolis intertongues with the Cus- 
seta sand, which extends eastward into central Georgia. The Cusseta in downdip 
outcrops consists of dark gray slightly glauconitic sandy clay containing abun- 
dant distinct megafossils. In updip exposures it consists of red gravelly sand, 
much like the basal beds of the underlying Blufftown formation. 

The upper half of the Exogyra cancellata zone of the Demopolis intertongues 
in Sumter County in western Alabama with sand and sandy clay of the Ripley 
formation. 

The Demopolis chalk is overlain conformably by the Ripley formation, which 
throughout most of Mississippi and in westernmost Alabama is almost exactly 
equivalent to the Nacatoch sand of Texas, but which as stated, in central and 
eastern Alabama and Georgia, and in Tennessee and Kentucky includes also the 
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upper part of the Exogyra cancellata zone. The Ripley consists of a variety of 
generally clastic sediments including at one extreme sandy chalk and at the other 
gravelly sand. In western Alabama and eastern Mississippi the Ripley is so chalky 
that it was long considered a part of the Selma chalk before the Selma was broken 
up into members that later became formations. In northern Mississippi the 
middle portion of the Ripley grades northward into shallow-water sand and clay 
and gravelly sand that is known as the McNairy sand member. This member ex- 
tends northward to the head of the Mississippi embayment and is recognized 
west of the embayment in Missouri. 

The Demopolis-Ripley stratigraphic sequence, shown by a single pattern in 
Figure 1, is recognizable from the head of the Mississippi embayment south and 
eastward to about central Georgia where it is probably overlapped by the over- 
lying Providence sand. 

The uppermost unit of the Cretaceous from east-central Alabama westward 
and northward to northern Mississippi is known as the Prairie Bluff chalk. In 
east-central Alabama this chalk intertongues with sand and clay of the Provi- 
dence sand, which extends eastward into Georgia losing marine characteristics 
toward the east. In northern Mississippi the chalk intertongues with the Owl 
Creek formation, which consists predominantly of very fossiliferous marine 
sandy clay. The Owl Creek is overlapped in southern Tennessee by the basal 
Tertiary beds, but reappears from the Tertiary cover in southeastern Missouri. 

The depositional sequences of the Upper Cretaceous rocks are fairly well 
understood in Mississippi and in western and central Alabama, but much addi- 
tional study is needed both toward the north in Tennessee and Kentucky and 
toward the east in eastern Alabama and in Georgia. 

Among the questions still unanswered in Tennessee is the age of the gravel 
deposits on the Highland Rim, east of the Tennessee River in central Tennessee. 
These gravel deposits are overlain by glauconitic sand and are mapped as Tusca- 
loosa. Down the dip toward the west, however, beds of Eutaw and Coffee age 
rest directly on underlying Paleozoic rocks and it seems much more probable 
that these gravel deposits are merely a basal Upper Cretaceous conglomerate 
rather than Tuscaloosa. Careful study of the regional Cretaceous stratigraphy 
will be needed to solve this problem. 

In eastern Alabama and Georgia only reconnaissance study has been made of 
the Upper Cretaceous sequence, and notable unconformities have been recog- 
nized at the contacts of all the formations. Obviously some of them are of more 
significance than others, and brief study has indicated that major overlaps occur 
at the base of the Cusseta and Providence sands. As all the formations become 
more gravelly toward the east, however, much additional study is needed to deter- 
mine which Upper Cretaceous units are represented in central Georgia and which 
have been completely overlapped. The presence of the boring Halymenites major 
in the upper part of beds mapped as Tuscaloosa in central Georgia suggests an 
age younger than Tuscaloosa and the most careful tracing of contacts and study 
of changing facies will be needed to work out this stratigraphy. 
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CENOZOIC DEPOSITS OF CENTRAL GULF COASTAL PLAIN! 


GROVER E. MURRAY? 
Jackson, Mississippi 


ABSTRACT 


Twenty thousand feet or more of Tertiary and Quaternary sediments are present in the central 
Gulf region of southern United States. They comprise a large, seaward-thickening, wedge-shaped 
sedimentary complex (Gulf Coast geosyncline) composed predominantly of deltaic deposits. Thin, 
relatively uniform and widespread, marine strata are present between the thick deltaic deposits and 
on the seaward edges of the deltaic masses. These thin, generally distinctive, marine strata are adapt- 
able on the surface to detailed structural mapping; they also serve as key strata in core drilling, in 
tracing surface units into the subsurface, and in the preparation of subsurface structural maps. Fossils 
present in the marine units determine their position in the standard geological time scale and assist 
in determining the relative geographic position at the time of deposition. The thick, ladle-shaped, 
deltaic deposits are normally unadaptable to structural mapping; however, they are readily used in 
the construction of areal, facies, and isopachous maps. Landward, both marine and deltaic deposits 
are replaced by brackish-water and fluviatile sediments; seaward, the marine deposits are progres- 
sively of a deeper-water environment, the deltaic deposits are progressively more marine. 

The Tertiary is represented by four, perhaps five, epochs of deposition, which are, in ascending 
order, Paleocene, Eocene, Oligocene, Miocene and Pliocene (?). Each successively younger series of 
rocks occupies an outcrop position progressively nearer the present coastline. Similarly, each younger 
rock series has been downwarped less by the thick, geosynclinal sedimentary load and, therefore, has 
less southwest regional dip. The Midway (Paleocene), Claiborne (middle Eocene), Jackson (upper 
Eocene), and Vicksburg (Oligocene) groups each contain important marine units. The Wilcox (lower 
Eocene), Miocene, and Pliocene (?) are primarily deltaic deposits; they constitute the thickest Ceno- 
zoic sedimentary accumulations in the eastern Gulf region. 

The Quaternary is represented by two epochs of deposition, the Pleistocene and Recent. These 
deposits are characteristically fluviatile gravels, sands, silts, and clays; they border or fill alluvial 
valleys and were deposited during or subsequent to the Pleistocene glaciation. 

The outcrop patterns of the major rock divisions of the Central Gulf Coastal Plain are illustrated 
by areal geologic maps and stratigraphic sections. The thickness and structural configuration of each 
division is shown by isopachous and structural contour maps. Representative electrical logs illustrate 
the electrical pattern of each rock division. 


INTRODUCTION 


This paper summarizes the Cenozoic stratigraphy of Mississippi and the im- 
mediately adjacent areas of Louisiana, Arkansas, Tennessee, and Alabama. It 
covers an area, conveniently designated the Central Gulf Coastal Plain, between 
87°-93° West Longitude, and from 29°-363° North Latitude. 

In the preparation of this summary, information has been assembled from 
many sources. Stratigraphic and structural data in the files of various oil com- 
panies form the framework of the material presented here. Published and un- 
published reports of many investigators, too numerous to mention, were freely 
used in summarizing both the surface and subsurface stratigraphy. The funda- 
mental concepts of deltaic sedimentation in the Cenozoic of the Gulf Coastal 
Plain are largely those developed in the past decade by faculty members and 
students of Louisiana State University. 

Figure 1 (made from a map prepared by H. N. Fisk for the Mississippi River 


1 Read before the Association at Biloxi, October 24, 1946. Manuscript received, June 5, 1947. 
Published by permission of Magnolia Petroleum Company. 


? Geologist, Magnolia Petroleum Company. 
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Commission)* shows the generalized outcrop patterns of the Cenozoic deposits. 
It also presents the first detailed areal geologic map of the floor of the Mississippi 
Alluvial Valley. This map of the valley was prepared by Fisk and his associates 
from shallow-well information supplemented by data from borings made by the 
River Commission. 

The Cenozoic deposits of the Central Gulf Coastal Plain form part of a great, 
wedge-shaped, seaward-thickening, sedimentary complex that consists pre- 
dominantly of deltaic deposits and is known as the Gulf Coast geosyncline. The 
Cenozoic deposits attain a thickness of 20,000 or more feet in the vicinity of the 
present coast line. Subsurface studies reveal that the greatest thicknesses of sedi- 
ments have accumulated in large deltaic masses similar to the present deltaic 
complex of the Mississippi River. These deltaic masses or complexes are typically 
ladle-shaped. The greatly thickened, near-shore parts represent the bow] of the 
ladle; the thinner, fluviatile sediments deposited inland represent the handle. 
The greater part of the deposits in these deltaic masses accumulated near sea- 
level. 

In both Recent and Cenozoic deltaic masses, three interfingering depositional 
environments are commonly present. Their intricate relationship has resulted in 
their comparison with a leaf. The veins of the leaf depict fluviatile deposits 
(channel and levee deposits); the intervenous areas are composed of marsh and 
swamp deposits (organic muds with interfingering clays and silts); and the ser- 
rate or lobate margins of the leaf represent lagoonal, estuarine, brackish- and 
salt-water lake deposits that merge seaward with marine sediments. Very fine, 
suspended sediments are transported seaward and deposited in shallow marine 
waters at the edges of the deltaic plain; these pro-delta clays form an apron-like 
blanket around the seaward margins of the delta. 

The frequent shifting of alluviating streams back and forth across deltaic 
plains eventually results in an irregular shingle or pile-of-leaves structure con- 
sisting of sedimentary leaves piled in haphazard fashion atop each other. This 
irregular sedimentary structure is characteristic of modern as well as older deltaic 
deposits. 

The thin, generally distinctive marine strata in the deltaic masses, are adapt- 
able on the surface to detailed structural mapping; they also serve as key strata 
for core drilling, for tracing surface units into the subsurface, and for the prepara- 
tion of subsurface structural maps. Fossils in the marine units determine their 
position in the standard geological time scale and assist in determining their 
relative geographic position at the time of deposition. 

The thick, deltaic sediments that comprise the greatest bulk of the Cenozoic 
deposits are normally unadaptable to structural mapping, but are readily used in 
the construction of areal geologic maps, paleogeographic maps, isopachcus maps, 


5 Geological Investigation of the Alluvial Valley of the Lower Mississippi River, War Department, 
Corps of Engineers, United States Army, Mississippi River Commission (1944). 
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and facies maps for location of channel and beach sands. Locally, lignite zones 
and brackish-water fossil zones permit structural mapping and relative dating 
of the deposits. 

Structurally, the complex Cenozoic deltaic masses have been controlled by 
two great structural downwarps, the deep, east-west Gulf Coast geosyncline and 
the shaHower, north-south Mississippi structural trough (Fig. 2). The geosyncline, 
which extends from Florida to Mexico, in general parallel with the coast, has con- 
centrated in it about 20,000 feet of Cenozoic deposits. The Mississippi structural 
trough, at right angles to it, and approximately parallel with the Mississippi 
River, has a maximum of 7,000 feet of Cenozoic sediments, chiefly fluviatile and 
near-shore deltaic. The concentration of great sedimentary loads in these down- 
warps and the associated isostatic adjustments have resulted in several large 
structural upwarps. These large upwarps and the numerous smaller uplifts as- 
sociated with them have had a pronounced effect on the amount, character, and 
outcrop pattern of near-by sediments. 

The major positive structural features present in the area are (Fig. 2): (1) 
Monroe-Sharkey uplift, (2) Jackson uplift, (3) Southwest Mississippi uplift, (4) 
Southeast Mississippi uplift (Wiggins anticline), (5) Hatchetigbee anticline, and 
(6) Sabine uplift. 

STRATIGRAPHY 

The Tertiary system of rocks is divided into five series, the Paleocene, Eocene, 
Oligocene, Miocene, and Pliocene. Of these, all excepting the Pliocene crop out 
in the Central Gulf Coastal Plain. In the subsurface a thick section of deltaic 
deposits below the gravel-bearing Pleistocene strata and above the Rangia 
johnsoni zone of the Miocene are questionably referred to the Pliocene (?). 

Deltaic sedimentation is the dominant feature of Tertiary deposition in the 
central Gulf Coastal Plain. The marine, pro-deltaic Midway clays introduced the 
lower Tertiary (Paleocene). Deltaic sedimentation reached a peak in lower 
Eocene (Wilcox) time, it gradually slackened during the middle Eocene (Clai- 
borne), and virtually ceased in upper Eocene (Jackson) time. Marine sedimenta- 
tion was dominant during the Jackson and Oligocene epochs. Near the close of the 
Oligocene, deltaic sedimentation increased and remained dominant during the 
Miocene and Pliocene. 

On the series of geologic maps to follow the outcrop pattern of each group of 
sedimentary formations discussed is shown in solid black; pre-Cenozoic rocks 
are shown by northeast-southwest diagonal lines; and the outcrop area of other 
Cenozoic beds is left blank. Structural contours are shown by solid lines; iso- 
pachous contours are shown by dotted lines. Surface terminology is shown in the 
upper left corner; subsurface nomenclature is indicated on the right and is il- 
lustrated by representative electrical logs. 


MIDWAY GROUP 


The outcrop area and subsurface distribution of the Midway deposits are 
shown in Figure 3. These distinctive beds consist of dark clay shales and dark 
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laminated sands with a thin calcareous sandstone at the base. They are con- 
sidered to be Paleocene in age and to be transitional between the underlying Gulf 
series of the Cretaceous and the overlying Wilcox group of the Eocene. They are 
present on the outcrop from the South Atlantic states to the Rio Grande and 
extend northward to the head of the Mississippi embayment in southern Illinois. 

The typical black-shale characteristics of the Midway are present throughout 
the outcrop area and downdip 150-200 miles into the subsurface, although in 
general they are sandier in the northern part of the Mississippi Valley. 

The general lithologic uniformity of the sediments, the close lithologic and 
faunal relationships of the upper Midway and lower Wilcox, and the occurrence 
of the thickest Midway just seaward of the Wilcox depo-centers‘ suggests the 
Midway is a pro-delta clay deposited as an apron or blanket around the front of 
the advancing Wilcox sediments. 

Surface——Midway deposits crop out in the central Gulf Coast in a crescentic 
belt across southern Alabama, northeastern Mississippi, and western Tennessee. 
Isolated exposures flank the west side of the Mississippi Alluvial Valley in 
Arkansas. The Tertiary apex of the Sabine uplift (just off the west edge of the 
map) is indicated by a large inlier of upper Midway sediments. 

In descending order the Midway surface formations are: Naheola formation, 
Porters Creek clay, and Clayton formation. 

The Clayton formation consists of sand, shale, limestone, and chalk. In eastern 
Alabama it comprises the entire Midway section; toward the west it thins and 
comprises only the basal, sandy, marly concentrate. 

The Porters Creek is dark, silty clay with conchoidal fracture; it contains 
some glauconite. Sparsely distributed limestone and siderite concretions are 
present. In northern Mississippi and southern Tennessee several lentils of loose, 
white to yellow, glauconitic sand occur in the Porters Creek. A persistent, glau- 
conitic, fossiliferous marl (Matthews Landing marl) is present at the top of the 
formation. 

The Naheola formation, in western Alabama, consists of dark, laminated, fine- 
grained sand with interbedded dark clays and shales. Glauconitic sandy marl and 
shale in the upper part comprise the Coal Bluff marl. The formation is believed 
absent in eastern Alabama. It is replaced by non-marine sands and clays of the 
Betheden formation in northern Mississippi and southern Tennessee. 

Subsurface-—The Midway formations extend into the subsurface without any 
great changes. A representative electrical log illustrates the Midway subsurface 
stratigraphy as follows: a thin basal calcareous concentrate (Clayton), a thick 
middle shale with thin calcareous and sandy zones (Porters Creek), and an upper 
sand and shale (Naheola). The Naheola is normally lumped with the Wilcox de- 
posits because of lithologic and faunal similarities and the difficulty of separating 
the formation solely from electrical-log character. 


4 The term depo-center (depositional center) is used by the writer to designate areas of thickest 
deposition formed during any sedimentary cycle or epoch. 
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The structural contours in Figure 3 are drawn on the top of the Porters Creek 


. shale. This is the normal Midway correlation horizon of electrical logs. The con- 


tours indicate a well defined north-south trending downwarp coincident with the 
Mississippi embayment region. The isopachous contours of the interval from the 
top of the Porters Creek to the top of the Gulf Cretaceous outline an axis of thick 
Midway deposits in general parallel with the axis of the structural downwarp. 

The Midway deposits gradually thicken seaward and probably have a thick- 
ness in excess of 1,000 feet in south Louisiana. 

A pplication.—The Clayton formation is one of the key mapping units in the 
Central Gulf Coastal Plain. The top of the Clayton is the point normally recog- 
nized on electrical logs as the top of the chalk. Subsurface structural maps are 
constructed on this horizon from Texas to Florida. 

The Clayton is also useful in surface structural mapping and in core drilling. 
The Porters Creek and Naheola and their included members are useful in con- 
struction of isopachous and paleogeographic maps. 

Production.—A part of the gas and oil production from the Monroe and Jack- 
son gas fields and the Flora and Cary oil fields is believed to be from the basal 
Midway (Clayton). The Clayton and Naheola are potential producing formations 
in central Louisiana, Mississippi, and Alabama. 


WILCOX GROUP 


Figure 4 shows the outcrop area and subsurface distribution of the Wilcox 
group. These sediments comprise one of the great Cenozoic deltaic accumula- 
tions in the Gulf Coastal region. They consist of complexly interbedded fluviatile, 
deltaic, and marine sediments. 

Surface——Wilcox strata crop out in a crescentic belt across western Alabama, 
northeastern Mississippi, and western Tennessee; isolated exposures are present 
in a northeast-southwest trending belt in southeast Arkansas. They also form a 
large outcrop in northwestern Louisiana encircling the Tertiary apex of the Sabine 
uplift. In the type area of western Alabama the Wilcox, in descending order, 
consists of the Hatchetigbee formation, the Tuscahoma formation, and the 
Nanafalia formation. 

The Nanafalia formation consists of dark sands, sandy shales, and laminated 
clays that contain the well known basal Wilcox index fossil Ostrea thirsae. The 
lower part consists predominantly of loose to tough sands with zones of concre- 
tionary sandstone (Fearn Springs sand). A calcareous facies of the Nanafalia 
(Salt Mountain limestone) is present at several localities in the Jackson fault area 
of western Alabama. 

The Tuscahoma formation consists of white, gray, or yellow, lignitic sands 
and dark carbonaceous shales with thin, generally local, glauconitic, fossiliferous 
marls. 

The Hatchetigbee formation, uppermost Wilcox, is composed of interbedded, 
light-colored sands and dark shales. A fossiliferous, glauconitic sand (Bashi marl 
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member) with large calcareous concretions is present at the base of the formation. 

The Wilcox formations retain their general character along the strike north 
and west to the Alabama-Mississippi state line. Northwest from the state line 
they lose their marine qualities and are replaced by deltaic and fluviatile deposits. 
Insufficient detailed work has been done to delineate the lithologic units in north- 
ern Mississippi and western Tennessee. In this area the sediments are lumped as 
undifferentiated Wilcox. 

Subsurface—The Wilcox formations extend into the subsurface and inter- 
finger with the deposits constituting the great Wilcox deltaic mass of southern 
Louisiana and Mississippi. Most geologists make no attempt to subdivide these 
great thicknesses of lignitic, deltaic sands and shales into formational units. They 
are merely lumped as undifferentiated Wilcox. A glance at the accompanying 
electrical log (Fig. 4) shows the inherent difficulties of any attempts toward 
regional subdivisions. Locally, certain zones (Salt Mountain limestone) can be 
traced with certainty but these zones are generally not widespread. 

As pointed out in the Midway discussions, the Wilcox-Midway boundary is 
difficult to determine. Upper Midway deposits are normally grouped with the 
Wilcox because of their lithologic and faunal similarities. The sandy upper Mid- 
way Strata, which herald the advent of the arenaceous Wilcox environment, con- 
tain sand-facies faunas with definite Wilcox aspects. In a similar fashion the clay- 
facies faunas of the Midway-like lower Wilcox clays resemble Midway faunal as- 
semblages. 

In Figure 4, structural contours on top of the Wilcox prominently display the 
north-south trending Mississippi structural trough. They also show a steepening 
of dip about the 5,o00-foot contour that is related to post-Wilcox deposition in 
the geosyncline. Isopachous contours of the Wilcox type lithology (top of Wilcox 
to top of Porters Creek shale) outline a great deltaic mass with two main areas 
of thickness. One, north-south, in general parallels the Mississippi River and co- 
incides with the axis of the structural downwarp. The other trends almost east- 
west and parallels the coastline. Two main depo-centers are at opposite ends of 
this sedimentary axis, one in southeastern Mississippi, the other in southwestern 
Louisiana; each has in excess of 3,500 feet of Wilcox sediments. 

A pplication.—The Wilcox sediments are best adapted to areal geologic map- 
ping and to the construction of paleogeographic, facies, and isopachous maps. 
Local lithologic units permit detailed structural mapping in restricted areas. 

Production.—The Wilcox produces oil or gas in more than 20 fields in the 
central Gulf Coast. It is a potential reservoir in most of the area between Vicks- 
burg, Mississippi, and New Orleans, Louisiana. 


CLAIBORNE GROUP 


Figure 5 shows the areal extent and subsurface distribution of the Claiborne 
group. These deposits comprise a deltaic mass of alternating brackish-water. 
deltaic, and marine sediments. 
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The Claiborne lithologic facies are persistent for relatively long distances; 
they are generally easy to correlate. From the latitude of central Mississippi 
northward in the Embayment area these sediments are non-marine and are 
similar to the underlying Wilcox strata. Eastward, in southern Alabama they 
are entirely marine. The Claiborne represents a transitional depositional stage 
between the underlying deltaic Wilcox and the overlying marine Jackson sedi- 
ments. 

Surface-—Claiborne sediments crop out in a crescentic belt across southern 
Alabama, eastern and northern Mississippi, and western Tennessee. They occur in 
isolated exposures in southeast Arkansas and in a broad belt outlining the 
Sabine uplift of northwest Louisiana. The general section exposed in east-central 
Mississippi is composed of the following formations (from top to bottom): Cock- 
field, Cook Mountain, Sparta, Cane River (Zilpha clay and Winona sand), and 
Tallahatta. 

The Tallahatta formation consists of light-colored claystones, siltstones, and 
sandstones with scattered glauconite and fossils. It is the “buhrstone” of older 
publications. The Neshoba sand replaces the upper part of the Tallahatta along 
the strike toward the northwest. 

The Winona, equivalent of the Cane River and Weches marls of Louisiana 
and Texas, is medium- to coarse-grained, glauconitic, fossiliferous, commonly 
calcareous sand. It is the most continuous and easily recognized lithologic unit 
in the Claiborne group. 

The Zilpha consists of chocolate-brown, commonly silty clay with local lenses 
of glauconitic silt and fine-grained sand. It has its best development in north- 
central Mississippi. 

The Sparta formation consists of light-colored, generally loose sands with 
interbedded dark shales. Local sedimentary quartzites, carbonaceous materials, 
and lignites are common adjuncts. 

The Cook Mountain is composed of a basal, sandy, fossiliferous marl; a 
middle, fossiliferous, glauconitic sand; and an upper, carbonaceous, locally fos- 
siliferous shale. These members grade northwest into thick, carbonaceous, lignitic 
sands and shales. 

The Cockfield formation consists of light- to dark-colored, in many places 
lignitic, sands and dark-colored, carbonaceous and lignitic clays. 

All the Claiborne formations are replaced northwestward along the strike by 
non-marine sed’ments. Eastward, in Alabama, the Tallahatta alone retains its 
lithologic character. The Winona, Zilpha, Sparta, and Cook Mountain are re- 
placed by calcareous, marine strata designated Lisbon. The uppermost Claiborne 
(Cockfield) is replaced near the Alabama-Mississippi line by fossiliferous, glau- 
conitic sands of the Gosport formation. 

Subsurface-—The alternation of lithologic units that is characteristic of the 
Claiborne outcrop is present in the subsurface for considerable distances around 
the deltaic depo-centers. In the areas of maximum deltaic deposition this alterna- 
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tion of sediments is largely obscured; the Claiborne is predominantly a carbona- 
ceous shale with thin interbedded limestones and sandstones. In southeastern 
Mississippi and southwestern Alabama the normal Claiborne sediments are 
partly replaced by calcareous and chalky facies similar to the Lisbon formation 
of the outcrop. 

The contours in Figure 5, drawn on the top of the Claiborne (Cockfield), out- 
line the Mississippi structural trough. In addition they show a pronounced steep- 
ening of dip near the 5,000-foot contour. This steepening reflects the increased 
post-Claiborne downwarping associated with the Gulf Coast geosyncline. 

The isopachous contours of the Claiborne interval (top of Claiborne-top of 
Wilcox) outline a typical deltaic mass with a depo-center in west-central Missis- 
sippi and east-central Louisiana between Natchez and Vicksburg. Deltaic sedi- 
ments in this area are approximately 2,500 feet in thickness. A second depo- 
center is present in southwestern Louisiana with a thickness in excess of 2,500 
feet. 

A pplication.—The lithologic alternation of sediments that characterizes the 
Claiborne is ideal for surface and subsurface structural mapping, core drilling, 
areal mapping, and construction of facies, isopachous, and paleogeographic maps. 

Production —The Claiborne produces oil or gas in fifteen fields in the central 
Gulf Coast, mainly from the Cockfield and Sparta sands. It is a potential produc- 
ing zone in an east-west belt between Vicksburg, Mississippi, and New Orleans, 
Louisiana. 


JACKSON GROUP 


The Eocene epoch (Fig. 6) closed with the deposition of marine Jackson sedi- 
ments over most of the central Gulf Coast as far north as Memphis. The sedi- 
ments consist of 100 to more than 600 feet of glauconitic, fossiliferous sand and 
bluish gray, fossiliferous clay with thin limestones, marls, sands, and some ben- 
tonites. Fluviatile and brackish-water sediments interfinger with these marine 
sediments and extend northward into Kentucky. Eastward, in Alabama, the 
Jackson sands and clays are replaced by a calcareous facies. In central Louisiana 
and western Mississippi thin silts and carbonaceous shales are locally present in 
the upper part. 

Due to the difficulty of determining the Jackson-Oligocene contact these two 
groups of sediments have been combined in Figure 6, thereby forming a unit that 
contains most of the marine units in the middle part of the Cenozoic. 

Surface—Sediments of Jackson age crop out in a northwest-southeast trend- 
ing belt across central Mississippi and southern Alabama, and in a northeast- 
southwest trending belt across central Louisiana. Isolated outcrops are exposed 
in the Embayment areas as far north as Kentucky. 

In the type area in Mississippi the Jackson consists of a thin, basal, transgres- 
sive beach sand (Moodys formation) and an upper blue-gray, fossiliferous clay 
(Yazoo). The Yazoo is increasingly calcareous eastward, and, in eastern Missis- 
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sippi and western Alabama, it is divisible into at least four lithologic units.5 
Farther east in Alabama the entire Jackson changes to a lime facies (Ocala lime- 
stone). In central Louisiana the Danville Landing formation is present above the 
Yazoo clay. 

The transgressive Moodys sand is progressively younger northward; fossils 
in the basal concentrate in the northern part of the valley are age equivalents of 
the upper Jackson clays of Louisiana and Mississippi. 

Subsurface-—The marine Jackson deposits extend into the subsurface with 
relatively uniform thickness and lithologic character. They attain a maximum 
thickness of about 600 feet in southwestern Louisiana but average 250-500 feet 
in most other parts of the central Gulf Coast. In southeast Mississippi (in 
Wiggins anticline area) the Jackson deposits consist of a reef-like chalk and lime- 
stone. 

A pplication.—The persistent character and great areal extent of the basal 
Jackson (Moodys) make it one of the best structural mapping units of the 
Cenozoic. It is easily adapted to surface, subsurface, and core-drill mapping. The 
Yazoo, Danville Landing, and Ocala formations, and their included members, 
are valuable in the preparation of paleogeographic and facies maps. 

Production.—No production of definite Jackson age is known in the central 
Gulf Coast. Rocks of calcareous facies with local porosity are potential reservoirs 
in southeast Mississippi and south Alabama. 


OLIGOCENE SERIES 


Oligocene rocks (Fig. 6) overlie Jackson (Eocene) and underlie Grand Gulf 
(Miocene) strata. The Oligocene sediments consist of deltaic sands, silts, and 
clays, and marine sands, limestones, clays, and marls. They represent the end of 
active marine sedimentation in the central Gulf Coast. 

Surface-—These sediments crop out in a narrow, irregular band across southern 
Alabama, Mississippi, and Louisiana. Marine units are exposed from the vicinity 


5 Member names proposed by writer in a report to the Magnolia Petroleum Company, dated 
June 24, 1944 (Surface Geology of the Jackson Group in Central and Eastern Mississippi). These names 
were proposed for units differentiated on the surface and later traced into subsurface by means of 
well data of various kinds. The North Creek (clay) member was proposed for an average of 40 feet 
of green or gray, slightly glauconitic, fossiliferous clay, underlain by the Moodys sand and overlain 
by the Pachuta marl or the Cocoa sand. The type locality was designated to consist of exposures on 
the west side of North Creek in the SW. 3 of Sec. 1, T. 3 N., R. 12 E., Jasper County, Mississippi, 2 
miles southwest of Rose Hill on the graveled state highway to Gridley and Turnersville. 

The Pachuta (marl) member was proposed for 6-25 feet of buff, gray, or white, partially in- 
durated, generally glauconitic, fossiliferous mar], overlain by the Shubuta clay and underlain by the 
Cocoa sand or North Creek clay. It is the Zeuglodon or Pecten-bryozoan bed of previous workers. The 
type locality was designated to consist of exposures on the south side of Pachuta Creek, 1} miles 
south and southeast of Pachuta in the SW. } of Sec. 8, T. 2 N., R. 14 E., Clarke County, Mississippi. 

The Shubuta (clay) member was proposed for 20-250 feet of clays and clayey marls, underlain 
by the Pachuta marl and overlain by the Forest Hill sand or Red Bluff clay of the Oligocene. Ex- 
posures on the east side of the Chickasawhay River, just north of the old U. S. Highway 45 bridge east 
of Shubuta, Clarke County, Mississippi (SW. } of Sec. 3, T. 10 N., R. 16 E.) were designated as the 
type locality. 
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of the Red River (Louisiana) east. In southern Alabama the entire Oligocene con- 
sists of marine limestones and marls. 
The generalized section exposed in Mississippi is the following. 
Chichasawhay formation (restricted) 
Bucatunna clay 
Byram formation {Byram marl 
Glendon limestone 


Marianna limestone—Mint Springs sand 
Forest Hill sand—Red Bluff clay 


The Forest Hill consists of loose, friable sand and dark, blocky to laminated, 
in many places sandy clay. It thins eastward and is replaced by the marine Red 
Pluff marl and clay. 

The Marianna limestone (Chimney Rock) is seft, white to cream, chalky 
limestone. In western Mississippi the lcwer part of the Marianna is replaced by 
calcareous, fossiliferous, argillaceous, glauconitic sand (Mint Springs). 

The Byram formation consists of a basal, crystalline limestone (Glendon), a 
middle, glauconitic, fossiliferous marl (Byram), and an upper, dark-colored, 
carbonaceous clay (Bucatunna). 

In eastern Mississippi and western Alabama the Chickasawhay limestone 
represents the youngest Oligocene in the central Gulf Coast (lower Chickasawhay 
of previous workers). This unit is overlapped in central Mississippi by the lower 
Miocene (Catahoula). Eastward it is replaced by cherty and dolomitic limestone 
of the Flint River and Suwanee formations. 

Subsurface-—The Oligocene sediments maintain a fairly uniform thickness 
over most of southern Mississippi, except locally, as in vicinity of the Wiggins 
anticline, where they appear to be locally absent. They thicken southwestward 
to a depo-center in southwest Louisiana and southeast Texas. Here the combined 
Oligocene—upper Eocene (Jackson) thickness is in excess of 2,000 feet. In this 
area the Oligocene deposits are predominantly carbonaceous shales with sandy 
zones and, with the Jackson, comprise a typical deltaic mass. 

The structural contours in Figure 6, drawn on the top of the Vicksburg lime- 
stones, show pronounced downwarping attendant to sedimentation in the Gulf 
Coastal geosyncline. For the first time in the Tertiary downwarping associated 
with the Mississippi structural trough is almost negligible. 

A pplication —The Oligocene sediments, and particularly those of the Vicks- 
burg group, are well adapted to surface mapping, core drilling, subsurface struc- 
tural mapping, and the preparation of facies and paleogeographic maps. 

Production.—Subsurface equivalents of the surface Chickasawhay limestone 
produce oil or gas in south Louisiana. These same beds are potential producing 
zones in the shallow-water areas off the central Gulf Coast. No production is 
known from the Vicksburg limestones, although they are potential reservoirs in 
the wedge-out or truncated areas around the Wiggins anticline of southeastern 
Mississippi. 
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MIOCENE SERIES 


The Miocene series (Fig. 7) is here considered to include the deposits above 
the Oligocene and below the uppermost occurrence of Rangia johnsoni—Mio- 
rangia microjohnsoni. It is marked by the thickest known deltaic sequence in the 
central Gulf region (10,000+ feet) and is characterized by complexly interfingered 
fluviatile and brackish-water facies. 

Surface ——On the outcrop the basal Miocene Catahoula formation consists of 
fluviatile sands, silts, and clays with tuffaceous zones. The upper Miocene Flem- 
ing formation is composed of alternating fluviatile deposits and brackish-water 
clays and silts with local fossil zones. In eastern Mississippi and western Alabama 
the Catahoula is replaced by sand designated Paynes Hammock. Westward from 
the Mississippi-Alabama line the Paynes Hammock-Catahoula sequence ap- 
pears to progressively overlap the upper Oligocene sediments, until, in western 
Louisiana it rests at places on lower Oligocene (Forest Hill) sands and shales. 

Subsurface.—In the subsurface, the Miocene series is a typical deltaic mass of 
sands, silts, and clays with interbedded wedges of marine or brackish-water sands 
and limestones that thin landward. The stratigraphic terminology of the sedi- 
mentary mass is complex and controversial. The stratigraphic units indicated in 
Figure 7 and illustrated by an electrical log are based on paleontologic, lithologic, 
and electrical-log correlations from the surface in central Louisiana and Missis- 
sippi downdip. The indicated contacts are tentative and subject to change. The 
units follow. 


Rangia johnsoni-Miorangia microjohnsoni zone 
Potamides matsoni-Uvigerina lirettensis zone 
Operculinoides zone 

Discorbis-M arginulina ascensionensis zone 
Heterostegina zone 

Frio-M arginulina zone (Chickasawhay, in part) 


The structural contours (solid) drawn on the top of the Miocene (top of R. 
johnsoni-M. microjohnsoni zone) indicate downwarping associated with post- 
Miocene deposition in the Gulf Coast geosyncline. The isopachous contours 
(dotted) reflect Miocene thicknesses in excess of 8,000 feet and probably in excess 
of 10,000 feet in south Louisiana. 

A pplication.—The Miocene deposits are useful in local areal mapping. The 
complex interfingering relationships almost defy precise regional correlations. The 
generalized faunal zones of the subsurface permit broad, general, regional cor- 
relations but are of little value in detailed structural work. The Helerostegina 
zone is the most persistent and most useful of the subsurface units. 

Production.—Oil has been produced from the Miocene in more than 100 
separate areas in south Louisiana. This production ranges in age from basal 
Miocene (Frio-Marginulina) to upper Miocene (R. johnsoni-M. microjohnsoni). 
Potential producing areas are the near-shore, shallow-water areas off the Louisi- 
ana, Mississippi, and Alabama coasts. ‘ 
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MIO-PLIOCENE (?) SERIES 


In the subsurface a thick section of deltaic sediments more than 4,000 feet 
thick is found between the top of the Miocene and the base of the graveliferous 
Pleistocene deposits. Figure 8, prepared by H. N. Fisk,‘ illustrates the subsurface 
structural configuration and thickness of these sediments, which are not known 
to outcrop. They consist of deltaic sands, silts, and clays with included marine 
limestones and sandstones that have not yet been definitely correlated as Miocene 
or Pliocene. The structural contours (solid lines) indicate that a relatively small 
amount of warping has effected the Pliocene (?) sediments. The isopachous con- 
tours (dotted) of the interval from the top of the Pliocene (?) to the top of the 
Miocene outline a center of deltaic sedimentation in south Louisiana 75-100 
miles southwest of New Orleans. 

These questionable Pliocene (?) sediments have produced oil in several areas 
in south Louisiana. They are potential oil producers in the near-shore, shallow- 
water areas of the Gulf of Mexico. 


QUATERNARY SYSTEM 


The Quaternary system (Fig. 9) is characterized by graveliferous fluviatile 
and deltaic deposits that are believed to have been deposited during interglacial 
times in valleys cut during glacial stages. Recent alluvium and four Pleistocene 
terrace sequences comprise the system. Basal graveliferous facies of the Pleisto- 
cene are considered Pliocene in age by many geologists. 


PLEISTOCENE SERIES 


The areal extent of the Quaternary deposits and the structural configuration 
of the base of the Pleistocene sediments is indicated on the accompanying map 
(Fig. 9) prepared by H. N. Fisk.” Recent alluvial deposits fill the modern stream 
valleys; uplifted fluviatile deposits of the Pleistocene flank the alluvial valleys at 
successively higher levels. In central Louisiana the Pleistocene deposits have been 
mapped and divided into four similar formations, which are, from oldest to 
youngest, Williana, Bentley, Montgomery, and Prairie. In some areas secondary 
terrace surfaces have been mapped but these minor surfaces can not be traced for 
any considerable distances. The Pleistocene formations underlie old fluviatile 
and deltaic plains that have been uplifted to form terrace surfaces. The formations 
exhibit gradation upward from coarse sands or gravel facies through sands and 
silts to clayey facies at the top; they vary from a few feet to slightly more than 
250 feet in thickness. H. N. Fisk and R. J. Russell have traced the four primary 
surfaces and formations from central Louisiana northward to the head of the 
Mississippi embayment (personal communication). 


6 Geological Investigation of the Alluvial Valley of the Lower Mississippi River, War Department, 
Corps of Engineers, United States Army, Mississippi River Commission (1944). 


7 Op. cit. 
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The Pleistocene fluviatile deposits dip gulfward and merge with thick deltaic 
deposits in the subsurface beneath the Recent coastal plain. These thick sub- 
surface deposits exhibit the same coarse to fine lithologic sequences as the more 
landward fluviatile deposits. 

RECENT ALLUVIUM 
Recent alluvial deposits fill the present stream valleys and merge gulfward 
with Recent deltaic deposits. These Recent deposits have a maximum known 
thickness of 350 feet near Houma in south Louisiana. They appear to thicken 
southward from Houma and may attain a thickness in excess of 600 feet in the 
vicinity of the coast. They consist of fluviatile sands, silts, and clays that typically 
grade upward from coarse to fine materials. 


LOESS 

Loess is present in the lower Mississippi embayment in a belt along the 
eastern edge of the alluvial valley, and as isolated exposures on Sicily Island and 
on Crowley’s Ridge. Recent studies by Russell* indicate the Mississippi Valley 
loess to be a surficial mantle, 50 feet or less in thickness in most places. It exhibits 
characteristics associated with loess in many places throughout the world—a 
sharp limitation in grain size, a tendency to split along vertical joints and to 
stand with steep faces, a calcareous content sufficient to cause effervescence with 
acid, and numerous land snails. 

As a result of studies in Europe and the Mississippi Valley, Russell considers 
the lower Mississippi Valley loess to be a soil developed from calcareous, back- 
swamp deposits of the Pleistocene terraces through loessification, a process in- 
volving weathering and colluvial movement. 


CROSS SECTION 
Figure ro consists of an electrical-log dip section illustrating the stratigraphic 
relationships of the Cenozoic deposits. Group and series boundaries are shown by 
solid lines; formational and member boundaries are shown by dotted lines. The 
line of section crosses the Wiggins anticline of southeast Mississippi and extends 
southward across Lake Pontchartrain to the latitude of New Orleans. Several 
points are worthy of note: (1) the calcareous, reef-like facies of the upper Clai- 
borne and Jackson over the Wiggins anticline; (2) the absence of Vicksburg sedi- 
ments in the same area; (3) the great increase in dip in the latitude of Baton 
Rouge, Louisiana, and Mobile, Alabama, due to heavy Miocene and post- 
Miocene deposition in south Louisiana; and (4) the lithologic similarity of 
Miocene and post-Miocene strata. 


CONCLUSION 


In conclusion the importance of deltaic sedimentation in the Cenozoic of the 
central Gulf Coast is re-emphasized. In line with the pattern initiated in the 


8R. J. Russell, “Lower Mississippi Valley Loess,” Bull. Geol. Soc. America, Vol. 55 (1944), 
Pp. 1-40. 
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Mesozoic, the Central Gulf Coastal region has gradually advanced gulfward 
throughout the Cenozoic era. Marine and deltaic sedimentation alternated in two 
great cycles. The Midway (Paleocene) introduced the Cenozoic with widespread 
marine deposits extending inland to the head of the Mississippi embayment. 
During the Wilcox thick deltaic deposits accumulated in southern Mississippi and 
Louisiana, and in southeastern Texas. Sedimentation slackened during the 
Claiborne; the shoreline fluctuated back and forth, and an alternation of marine 
and deltaic deposits formed in the central Gulf Coast. Marine sedimentation was 
dominant during the Jackson (upper Eocene) and during the Oligocene as far in- 
land as Memphis, Tennessee. At the close of the Oligocene these widespread 
marine conditions were superseded by active deltaic sedimentation and advance- 
ment of the shoreline gulfward. This period of delta building, which witnessed 
the accumulation of more than 12,000 feet of sediments in the Gulf Coast geo- 
syncline in southern Louisiana, has continued from the Miocene to the present 
time. 
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GEOLOGY AND OCCURRENCE OF OIL IN FLORIDA! 
E. D. PRESSLER? 
Houston, Texas 


ABSTRACT 


The eastern part of the Gulf of Mexico basin can be divided into the North and South Florida 
provinces on the basis of stratigraphy, and subdivided further on the basis of its major structural 
features. The southeast-striking ridge formed by the Central Georgia, Ocala, and Bahama uplifts 
is considered to represent the marginal flexure of this part of the Gulf basin. The Apalachicola embay- 
ment of south Georgia and west Florida has a maximum sedimentary fill in excess of 15,000 feet 
of clastic sediments, and the South Florida embayment, which covers the area of south Florida, the 
Bahamas, Cuba, and the intervening areas, has a maximum fill of non-clastic sediments approaching 
20,000 feet, and the area of the Great Bahama Bank is considered to be underlain by a section in 
excess of 10,000 feet. On the basis of present data, anticlines are probably the most prevalent type of 
structure of both embayments though faulting is undoubtedly present, and conditions are favorable 
for the formation of stratigraphic traps. Oi] production has been developed on the south Florida seg- 
ment of the embayment, and additional drilling development is under way. Gravity and core drill 
are the most widely used methods of prospecting; additional experimental work is necessary to 
develop proper seismograph technique. 

The Sunniland field of Collier County, Florida, has four producing wells that have produced 
approximately 100,000 barrels of 19°—24.5° gravity oil. One rig is working in the field, and eight wild- 
cat operations are active in Florida. 


GEOLOGIC PROVINCES OF EASTERN GULF OF MEXICO BASIN 


The eastern part of the Gulf of Mexico sedimentary basin that includes the 
land areas of Florida, southern Georgia, southeastern Alabama, Cuba, and the 
Bahama Islands together with the adjacent parts of the Gulf of Mexico and the 
Atlantic Ocean, can be divided into two major geologic provinces on the basis of 
stratigraphy. These provinces are the North Florida province that covers that 
part of the area north and west of a general line through northern peninsular 
Florida from Levy County to Nassau County, and the South Florida province 
which is that part of the area south of this line. 

The North Florida province is characterized by a geologic section composed 
principally of clastic sedimentary rocks, and the South Florida province is charac- 
terized by a section composed for the greater part of non-clastic sedimentary 
rocks consisting of limestones, marls, and evaporites. 

This part of the Gulf basin can be subdivided further on the basis of its major 
structural features, namely, the Central Georgia, Ocala, Bahama, and Cuban 
uplifts or flexures, and the intervening downwarped areas or embayments that 
are designated the Apalachicola and South Florida embayments of the Gulf of 
Mexico basin and the Okefenokee embayment of the Atlantic basin. 


OCALA UPLIFT AND CENTRAL GEORGIA UPLIFT 


The Ocala uplift appears to constitute the backbone of the Florida Peninsula. 
Its upper limits, on which occur 3,000-4,500 feet of sediments, cover approxi- 
mately 14,000 square miles. There is some geophysical evidence to indicate that 


! Read before the Association at Biloxi, October 24, 1946. Manuscript received, May 2, 1947. 
? Humble Oil and Refining Company. 


1851 


1852 E. D. PRESSLER 


> 

tal 

> 
39 


GEORGIA 
x\ 
< 


5 


-039 


| 
| 


4 


OKEEF. NOKEE 


MAJOR STRUCTURAL FEATURES 


F 
EASTERN GULF OF MEXICO BASIN 


£OPressier 216-45 


Fic. 1.—(4 inch equals 100 miles) 


the grain of the basement rock or pre-Mesozoic surface, that forms the core of the 
upper limits of this uplift, trends northeast and southwest, suggesting that this 
segment of the old surface was once a part of Appalachia, but on the basis of its 
present regional trend and its relation to the various other features of this part of 
the basin, it is considered to have become later in its history a part of the Gulf of 
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Mexico “plate” or basin. The structure of the southeast-striking ridge formed by 
the Central Georgia and Ocala uplifts is probably closely related to the regional 
structure of the eastern rim islands of the Bahama group. This ridge though com- 
pletely submerged many times has undoubtedly been a positive segment since 
Jurassic time, and is thought to represent that part of the eastern marginal 
flexure of the Gulf of Mexico basin that occurs in Florida. 

The sedimentary fill of the basin and embayments thins on the flanks and 
crests of these uplifts with thinning taking place from west, south, and east on 


GEoLocic SECTION—APALACHICOLA EMBAYMENT 


Period Formation i Type Sediments 
Pleistocene Undifferentiated _ Sands, clay and gravel 
Pliocene Citronelle-Alachua* — Sand, clay, gravel, and pebble phosphate 
Miocene Choctawhatchee, Shoal River, — Sand, clay, marl, and phosphatic lime- 
Oak Grove, Chipola, Haw- stone 
thorn and Tampa* 
Oligocene Byram, Glendon, and Mari- — Marls and limestone 
anna* 
Eocene Ocala* 0-360 Limestone 
Claiborne 375-600 Sand and shale 
Wilcox goo-1,100 Sand, shale, and limestone 
Midway 250-700 Shale and limestone. Chalk and limestone 
Upper Cre- Selma 800-1,500 Includes beds of Navarro, Taylor, and 
taceous Austin aget 
Upper Tuscaloosa o-800 Sand with thin shale partings 
Marine Tuscaloosa 100-300 Shale 
Lower Tuscaloosa o-1,800 Sand with shale partings 
Middle and _— 100-5,000? Red and yellow sands and mottled 
Lower Cre- shales 
taceous 
Jurassic —_ ? ? 


*C. Wythe Cooke and Stuart Mossom, ‘‘Geology of Florida,”’ Bull. Florida State Geol. Survey, 201 Ann. Rept. 1927- 


1928. 
t Paul L. Applin and Esther R. Applin, ‘Regional Subsurface Stratigraphy and Structure of Florida and Southern 
Georgia,” Bull. Amer. Assoc. Petrol. Geol., Vol. 28, No. 8 (August, 1944). 


the Central Georgia uplift and thinning to a minimum of 3,000 feet on top of the 
Ocala uplift. 

On the basis of well control in Florida, it is estimated that a maximum sedi- 
mentary section somewhat in excess of 10,000 feet underlies the Bahama Banks 
in the vicinity of Andros Island and westward. 


APALACHICOLA EMBAYMENT 


West and north of the Ocala uplift and separating it from the Central Georgia 
uplift is an area of relatively thick sediments that is designated the Apalachicola 
embayment of the Gulf basin. The deeper parts of this embayment together with 
the adjacent portions of the Gulf basin cover an area of approximately 30,000 
square miles. The synclinal axis of this embayment trends southwestward from 
south-central Georgia across west Florida plunging toward the Gulf. The sedi 
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mentary fill in the deeper parts of the embayment is believed to attain a thickness 
slightly in excess of 15,000 feet. This section thins updip toward the north in 
Alabama, north and east in Georgia, and east and south on the Ocala uplift in 
Florida. These sediments are thought to range in age from Jurassic to Recent, and 
are very similar to those of southern Mississippi and Alabama excepting that the 
Tertiary formations become progressively more calcareous in their eastern facies. 
No Jurassic sediments have been found in this embayment at the present time. 

The Selma chalk; sands of the Eutaw-upper Tuscaloosa, lower Tuscaloosa, 
and Lower Cretaceous; and the limestones or sands of Jurassic age are considered 
the most important potential producing zones of this embayment. It is probable 
that the most prevalent type of structure that occurs in the embayment is anti- 
clinal; however, one may expect to find considerable faulting throughout the area. 
Conditions are also favorable for the formations of stratigraphic traps on the 
flanks of the Ocala uplift in beds of Tuscaloosa and Lower Cretaceous age. 


OKEFENOKEE EMBAYMENT—ATLANTIC BASIN 


The area east of the Central Georgia uplift and northeast of the Ocala uplift 
is designated the Okefenokee embayment of the Atlantic basin. This embayment 
is relatively small as compared with the other embayments of this general area, 
and it is estimated that there is only a maximum of 6,000 feet of sedimentary 
fill in its deeper parts. The Selma chalk, the sand facies of the upper and lower 
Tuscaloosa, and sands of Lower Cretaceous represent the probably producing 
zones of this area. This small embayment is probably a part of a more pronounced 
downwarped area or embayment at the north. 


SOUTH FLORIDA EMBAYMENT 


The area of southern Florida south of the Ocala uplift, the island of Cuba, the 
Bahama Islands, and the intervening submerged areas are designated the South 
Florida embayment of the Gulf of Mexico sedimentary basin. The sedimentary 
fill of this embayment is believed to attain a maximum thickness in excess of 
15,000 feet approaching 20,000 feet in thickness in the Gulf basin off the south- 
west coast of Florida. This section, which is composed principally of limestones 
and anhydrite, thins updip from the center of the embayment toward the north- 
east on the flanks of the Ocala uplift of Florida, and the Bahama uplift or flexure, 
and southwest on the Cuban uplift. 

The synclinal axis of this embayment is believed to plunge toward the Gulf 
and trend northwestward between Cuba and the Bahamas, and Cuba and 
Florida along a general line through Great Inagua Island to a point near the south 
end of Andros Island, thence across the Bahama Banks to the Florida Keys near 
the north end of Key Largo and across Dade and Monroe counties to the south- 
west coast of Florida. West of the southwest coast of Florida, this synclinal axis 
is considered to make juncture with the geosynclinal axis of the Gulf basin which 
trends north and west generally paralleling the west coast of Florida to the 
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vicinity of the Apalachicola River delta, where it trends westward paralleling 
the coast of west Florida. 

This large limestone embayment or arm of the Gulf basin appears to be ap- 
proximately 800 miles long and averages approximately 300 miles in width, cover- 
ing an area of 250,000 square miles. Of this total area only approximately 25 per 
cent underlies land areas, but approximately 80,000 square miles or 32 per cent of 
this embayment underlie the Bahama Banks where the ocean waters range from 
20 to 40 feet in depth. The greater part of the Great Bahama Bank is considered 
to be underlain by a relatively thick sedimentary section which in general is 
similar in character to that of southern Florida. 

The sedimentary rocks of the South Florida embayment range in age from 
Jurassic to Recent as in the Apalachicola embayment; however, the various 


Gerotocic SEcTION—SovutTH FLormA EMBAYMENT 


Thickness 


Period Formation Range Type Sediments 

Pleistocene Fort Thompson, Key Largo, _ Limestone, marl, coquina, and reef lime- 
Miami oolite, and Anastasia* stone 

Pliocene Citronelle, Bone Valley, Ala- ; Sands, marls, and sandy marl 
chua, and Caloosahatchee* 

Miocene Hawthorn and Tampa* - Phosphatic limestone, sand, and lime- 

stone 

Oligocene *‘Miogypsina hawkinsi”’ Limestone 

Eocene Ocala o-400. Limestone 
Claiborne-Avon Park and g00-1,200 Limestone, dolomite and anhydrite 
Lake Cityt 
Wilcox-Oldsmart 800-1,000 Limestone and anhydrite 
Midway-Cedar Keyst I,200-2,000 Limestone and anhydrite 

Upper Cre- — 1,800-2,800 White chalk and cream and gray lime- 

taceous stone 

Middle Cre- —_ o-1,500 Anhydrite and impure dark gray lime- 

taceous stone, and dolomite 

Lower Cre- _ o-8,000 Anhydrite, dolomite and limestone 

taceous 

Jurassic ? ? 


* C. Wythe Cooke and Stuart Mossom, ‘“‘Geology of Florida,’’ Bull. Florida State Geol. Survey, 20th Ann. Rept. 1927- 


1928. 
t Paul L. Applin and Esther R. Applin, ‘‘Regional Subsurface Stratigraphy and Structure of Florica and Southern 
Georgia,” Bull. Amer. Assoc. Petrol. Geol., Vol. 28, No. 8 (August, 1944). 


formations become more calcareous in their southeastern facies, and are here 
represented by thick deposits of limestone, marl, chalk, and anhydrite, with 
clastic material forming only a small percentage of the deposits. 

The limestones and dolomites of Upper, Middle, and Lower Cretaceous, sands 
of Lower Cretaceous, and beds of Jurassic age are considered the most important 
potential oil-producing formations of south Florida. Unconformities occur be- 
tween these several formations, and there is evidence to indicate that sedimenta- 
tion was interrupted during the deposition of some of the formation units. The 
porous dolomite and limestone zones are thought to be closely related to erosional 
surfaces as in the case of the formation at the top of the Lower Cretaceous and 
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the Sunniland zone that occurs approximately 1,900 feet below the top of this 
formation. More subsurface data are needed for more definite conclusions. The 
term Middle Cretaceous is tentatively applied to that section of beds separated 
from the Upper and Lower Cretaceous on the basis of unconformities. This sec- 
tion occurs between the depths of 8,200 and 9,700 feet in the Humble Oil and 
Refining Company’s Gulf Coast Realties No. 2 at Sunniland. 

It is thought that anticlinal folds are the most prevalent type of structure in 
this embayment. However, faults should be prevalent throughout the area, 
which for the greater part probably occur as secondary structural features as- 
sociated with the folding, particularly in the deeper parts of the embayment. 
Conditions are also favorable for the formation of stratigraphic traps on the 
flanks of the Ocala uplift. 

On the basis of the configuration of the surface of the submerged areas of this 
embayment, it is thought that the Florida peninsula is bounded on the east and 
south by major fault zones, and that the Bahaman and Cuban areas are very 
large faulted segments of the Gulf of Mexico plate or basin. The breaking-down 
of the South Florida embayment into the Florida, Cuba, and Bahama segments 
was probably due to movements of continental nature, but it is indicated that the 
forces active in this area that resulted in the formation of local structures favor- 
able for oil accumulation were the result of settling and compaction of the sedi- 
mentary fill and the continuous downwarping of the embayment area. For the 
greater part, these stresses would be tensional excepting in the deeper parts of 
the embayment where the resultant stress would be compressional. 


DRILLING DEVELOPMENT 


In November, 1943, the search for oil in Florida was greatly stimulated by the 
discovery of oil in producible quantities at Sunniland in Collier County, in the 
Humble Oil and Refining Company’s Gulf Coast Realties Corporation No. 1. 
This well was the first to produce oil in the state, and its completion culminated a 
42-year period of unsuccessful prospecting. In all, 124 wells, classified as oil tests 
by the State Geological Survey, were drilled in Florida from the time of comple- 
tion of the initial oil test drilled in 1901 until December, 1945. These wells ranged 
in depth from 115 to 13,512 feet, and only a relatively small number can be con- 
sidered bona fide oil tests. Of this total, 37, or approximately 30 per cent, were 
drilled in the 2-year period following the discovery of oil. There are nine active 
drilling operations in the state. Two of the present operations are being conducted 
in northwest Florida in Gulf and Gadsden counties, and the remainder in penin- 
sular Florida in Dixie, Gulf, Flagler, Levy, Osceola, Collier, and Monroe counties. 


LEASING ACTIVITY 


On December 31, 1945, approximately 27,000,000 acres were estimated to be 
under lease by all operators, or approximately 62 per cent of the state’s area 
of 41.5 million acres of land surfaces, lake bottoms, and Gulf of Mexico sub- 
merged lands. 
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OIL PROSPECTING DEVELOPMENT 


The thick sand soil-cover over the greater part of Florida and the scarcity of 
reliable outcrops minimize the value of surface geologic mapping, and the pros- 
pecting has been conducted principally by geophysical and core-drill units. At the 
end of 1945, there were 19 prospecting units operating in the state. The units 
consisted of seven core drills, nine gravity-meters, one magnetometer, and two 
seismograph parties. At the time of this writing there are eight prospecting units 
operating, including two core drills, one magnetometer, three gravity-meters, and 
two seismograph parties. The results of seismograph work generally have not 
been considered good in Florida. The presence of high-velocity beds at or near the 
surface of this area is probably a hindrance to seismograph prospecting, and it is 
indicated that additional experimental work is necessary to determine the proper 
shooting technique for the area. This is probably also true of the other prospect- 
ing methods and a large amount of additional work is necessary in Florida to 
evaluate properly the various prospecting methods. 


SUNNILAND FIELD, COLLIER COUNTY 


The Sunniland field was discovered in November, 1943, on the completion of 
the Humble Oil and Refining Company’s Gulf Coast Realties Corporation No. 1 
as a pumping well, making 97 barrels of 20° gravity oil and 425 barrels of salt 
water per day from porous limestone at 11,613—11,626 feet in depth. 

The structure controlling the oil accumulation appears to be an anticline, and 
the present well control indicates a minimum uplift of approximately 200 feet, 
with a maximum of 40 feet of highly porous limestone in the producing zone. 

At the present time, six wells have been completed in the field, resulting in 
four oil wells and two dry holes. The present wells drilled appear to be located on 
the eastern edge of the structure, and the present operation, the Gulf Coast 
Realties Corporation well No. 9, to be drilled ? mile west of Gulf Coast Realties 
Corporation No. 8, will determine the probable west extension of this feature. 

No well drilled to date has encountered the Sunniland zone at a sufficiently 
high structural elevation to find the full porous section within the oil column. 
Well No. 1 penetrated a total of 9 feet of very porous limestone separated by 
what is believed to be an impermeable 4-foot zone. All the oil produced from this 
well probably came from the upper 6 feet of porosity. Well No. 2 and well No. 7 
encountered the Sunniland limestone at a subsea depth below the oil-water con- 
tact, but were drilled through the Sunniland limestone zone and proved the 
presence of 36-40 feet of very porous reef limestone in the formation. Well No. 
4 is producing from a penetration of 9 feet of porous section, and No. 6 and No. 8 
were completed after penetrating 5 and 11 feet of porosity, respectively. 

The oil-water contact is not sharp and appears to occur as a zone of transi- 
tion from water to oil at the subsea depth of 11,570-11,590 feet, with the effective 
contact possibly as high as 11,555 feet subsea in the lower producing zone. 

The porosity of the producing zone ranges from 15 to 24.5 per cent with an 
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average permeability of 312 millidarcys parallel with the bedding and 84 milli- 
darcys perpendicular to the bedding. 

An area of approximately 1,520 acres has been proved for production, and the 
four completed oil wells have produced approximately 100,000 barrels of 19°—44.5° 
gravity oil as of December 31, 1946. 

Typical drilling procedure at Sunniland is to start with a 24-inch hole that is 
drilled to approximately 80 feet in depth where 20-inch conductor pipe is set. 
A 17}-inch hole is carried to approximately 1,000 feet where 133-inch casing is set 
and cemented to the surface. This setting cases off the surface sand, gravel, and 
sandy limestone, and protects the Ocala limestone water zone from contamina- 
tion. From this depth, a 12}-inch hole is drilled to the total depth of 5,700 feet. 
Between the depths of 1,600 and 3,000 feet, complete circulation is lost in the 
cavernous limestones and dolomites of the middle and lower Eocene. At 5,700 
feet, or near the top of the Upper Cretaceous chalky limestone, g-inch casing is 
set. This setting restores circulation, and the wells are completed with 83-inch 
bits. 

It requires approximately 150 days from spudding date to drill and complete 
a well in the 11,600-foot zone, although improved drilling technique is expected 
to reduce this time to less than 100 days. 
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GEOLOGICAL NOTES 


FREEZEOUT CREEK FAULT, BACA COUNTY, COLORADO! 


KARL M. BUEHLER? 
Denver, Colorado 


Data from three tests in the Freezeout Creek area, northwestern Baca 
County, Colorado, strongly suggest that a subsurface fault or fault complex is 
present on the east flank of the Las Animas arch. This fault, herewith named the 
Freezeout Creek fault, displaces pre-Cambrian, Cambrian, Ordovician, Missis- 
sippian, and Lower and Middle Pennsylvanian formations. Part of the undiffer- 
entiated Missouri and Virgil series of the Upper Pennsylvanian may also be dis- 
located. 

The Freezeout Creek fault has a throw of about 1,900 feet in the S. 3, SW. } of 
Sec. 27, T. 29 S., R. 50 W. Two wells, 3,300 feet apart, have a difference in alti- 
tude of 1,831 feet on top of the Mississippian and a difference of 1,954 feet on top 
of the undifferentiated Spergen and Warsaw.* En échelon surface faults with 
throws of less than 50 feet have been mapped in the district but none is present 
between the wells herein discussed. A northward-trending monocline mapped on 
Cretaceous strata may be the surface expression of the Freezeout Creek fault in- 
asmuch as a test at the head of the monocline is on the upthrown side and a 
test at the foot of the monocline is on the downthrown side of the fault. 


STRATIGRAPHY 


Units penetrated in the Freezeout Creek area are listed in Table I and strati- 
graphic columns are illustrated in the cross section (Fig. 2). Correlations result 
from regional studies. However, the subdivision and correlation of the Pennsyl- 
vanian system are tentative, pending further paleontological studies and drilling. 

The stratigraphy of the Cretaceous, Jurassic, Triassic, and Permian systems is 
similar to that elsewhere in southeastern Colorado and is closely alike in the three 
tests, excepting that the Jurassic and Permian systems are thinner and a Triassic 
sandstone member is thicker in well 3 (Fig. 2). These phenomena are probably 
related to the older major structural feature, the buried Freezeout Creek fault. 

The Permian and Pennsylvanian boundary has not been defined; however, 
for convenience in correlation it is arbitrarily placed at the top of the arkosic 


1 Manuscript received, June 30, 1947. 

2 J. M. Huber Corporation. Published by permission of the J. M. Huber Corporation. 

3 The altitude of the undifferentiated Spergen and Warsaw in one well has been calculated from 
a Ste. Genevieve marker. 
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section. The undifferentiated Virgil and Missouri series is a redbed unit which is 
composed of arkoses, arkosic pebble conglomerates, a few thin limestones and 
siltstones, and red shales containing disseminated arkose grains. Parts of the unit 
were probably deposited in continental or mixed continental and marine en- 
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Fic. 1.—Index map showing location of Freezeout Creek wells and 
other wells in southeastern Colorado. 


vironments. The pebble conglomerates consist largely of arkose and clastic dolo- 
mite, limestone, and chert. Many dolomite and chert fragments are recognizable 
as having been derived from specific Mississippian, Ordovician, and Cambrian 
formations which were terranes in a near-by distributive province. The undiffer- 
entiated Virgil and Missouri unit is 877 feet thick in well 2 but only 325 feet thick 


in well 3. 
Most of the Desmoines and Morrow sediments were probably deposited in 
marine or mixed marine and continental environments. Fusulinids and fragments 


of brachiopods, crinoids, gastropods, pelecypods, and bryozoans were found in 
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these series. Shales constitute a large proportion of the strata, but numerous thin 
limestones and sandstones are also present. Desmoines and upper Morrow shales 
are red, maroon, yellow, green, greenish gray, and gray. Some beds contain 
abundant mica, and disseminated quartz and feldspar grains. Greenish gray and 
black, clean, laminated, very fissile shales predominate in the lower Morrow. 


TABLE I 
FORMATIONS PENETRATED IN FREEZEOUT CREEK AREA 
Well No. 1 Well No. 2 Well No. 3 


Sharples Oil Corp. J.M. Huber Corp. Shar ples Oil Corp. 
Murray No. 1 and Frontier Ref. Co. Jacobson No. 1 


SW. 4, SW. 43, SE.4 Ingle No. 1 SE. 4, SE. 4, SE. 4 
Sec. 26,T.29S., SW.4, SW. 4, SE. } Sec. 28, T. 29 S.,; 
R. 50 W. S66. 27, T. 20S., R. 50 W. 
Elev. 4726 Feet R. 50 W. Elev. 4903 Feet 


Commenced Aug. 18, Elev. 4809 Feet Commenced Oct. 27, 
1946 Commenced Jan. II, 1946 
Abandoned Oct. 16, Abandoned Dec. 6, 


1947 
1946 Abandoned Feb. 20, 1046 
1047 
Depth (Feet) Depth (Feet) Depth (Feet) 
Cretaceous system. Dakota 
sandstone 275 oto 238 oto 183 
Jurassic system. Morrison 
formation 275 630 238 585 183 441 
Triassic system 630 1,200 585 1,130 441 982 
Permian system 1,200 3,025 1,130 2,910 982 2,580 
Day Creek dolomite 1,374 1,400 1,271 1,401 1,139 1,145 
Blaine formation 1,616 1,670 1,504 1,563 25345 15435 
Stone Corral dolomite 2,001 2,010 1,915 1,926 1,748 1,758 
Pennsylvanian system 3,025 5,001 2,910 4,891 2,580 3,154 
Virgil and Missouri series, 
undifferentiated 3,025. 3,872 2,910 3,787 2,580 2,905 
Desmoines series 3,872 4,668 3,787 4,569 2,905 3,025 
Morrow series 4,668 5,001 4,569 4,891 3,025 3,154 
Mississippian system 5,001 5,450 4,891 4,947 3,154 3,440 
Ste. Genevieve limestone 5,001 5,145 4,891 4,947 T.D. Absent 
St. Louis limestone 5,145 5,249 3,154 3,250 
Spergen and Warsaw lime- 
stones, undifferentiated 5,249 5,352 3,250 3,349 
Keokuk and Burlington lime- 
stones undifferentiated 5,352 5,424 3,349 3,418 
Basal Mississippian clastic 
zone 5,450 3,418 3,440 
Ordovician system 5,450 5,605 3,440 3,622 
Viola limestone 3,440 3,581 
Arbuckle limestone . 660 3,581 3,622 T.D. 


Most of the sandstones are feldspathic and several in the upper Desmoines also 
contain detrital chert and dolomite. The porosity and permeability of the sand- 
stones range from low to high. The reservoir-type sandstones in the Desmoines 
on the downthrown side of the fault are absent on the upthrown side. Certain up- 
per Desmoines members show a coarser gradation of clastics westward between 
wells 1 and 2. The Desmoines series is 782 feet thick in well 2, but only 120 feet 
of strata is tentatively assigned to the Desmoines in well 3. The thickness of the 
Morrow in wells 2 and 3 is 322 and 129 feet, respectively. 
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Fic. 2.—Cross section of Freezeout Creek area with schematic fault. 
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The lithologic character and sequence of the pre-Pennsylvanian formations 
are similar to those observed in other eastern Colorado districts. These formations 
have been recently described by Maher.‘ Strata of Morrow age unconformably 
rest on the Ste. Genevieve limestone in wells 1 and 2 and on the St. Louis lime- 
stone in well 3. A normal sequence of St. Louis, undifferentiated Spergen and 
Warsaw, and undifferentiated Keokuk and Burlington cherty limestones and 
dolomites, and a basal dolomite deposit containing sand grains and green shale 
constitute the Mississippian. This is underlain by the Viola. 

The age of lower members referred to the Viola may be subject to controversy. 
About 30 feet of dolomite at the base contains scattered sand grains and the 
writer believes it is a basal sandy phase or else a correlative of part of the Simpson 
group. An upper Viola cherty dolomite member is 35 feet thicker in well 3 than in 
well 1 but the thicknesses of two lower units are comparatively constant. The 
Viola overlies cherty, sandy Arbuckle dolomite which was penetrated 51 feet in 
well 1 and 41 feet in well 2. 


DEDUCTION 


Cores were recovered in well 3 from the following depths. 
Depths in Feet 


Undifferentiated Virgil and Missouri 2,817-2,835 
Desmoines 2,031-2,942 
Morrow 3,138-3,140 
Warsaw 3, 292-3, 301 
Viola 35537-35549 


Shale lamination in the undifferentiated Virgil and Missouri core does not 
exceed 5°; laminae of very fissile shale in the Desmoines and Morrow cores are 
nearly horizontal; and most shaly bedding planes in the Warsaw dolomite are 
nearly level. The Viola dolomite was not stratified. Bore-holes of the three tests 
deviated less than 2° from vertical. Mississippian strata slope 2° 24’ between 
wells 1 and 2 and the top of the Pennsylvanian is inclined 5° 38’ between wells 
2 and 3. These inclinations probably approximate the true dip. Relatively low 
dips at well 2 are inferred from a comparison of thickness and altitude of strata 
between wells 1 and 2. 

Nearly horizontal beds observed in well 3 and inferred gentle dips (23°) at 
well 2 lead to the conclusion that Middle and Lower Pennsylvanian and pre- 
Pennsylvanian formations are faulted instead of flexed between these wells. A 
fault complex may have effected the omission of strata in well 3, but the bore-hole 
would have cut several fault surfaces and samples do not indicate that shear 
zones were penetrated. A single normal fault is the simplest feature that can be 
inferred from available data. 


¢ John C, Maher, “Correlation of Paleozoic Rocks across Las Animas Arch in Baca, Las Animas, 
and Otero Counties, Colorado,”’ Bull. Amer. Assoc. Petrol. Geol., Vol. 30, No. 10 (October, 1946), 
pp. 1761-63. 


, “Subsurface Geologic Cross Section from Ness County, Kansas, to Lincoln County, 
Colorado,” "State Geol. Survey Kansas, Oil and Gas Invest. Prelim. Cross Sec. 2 (1946), pp. 7-11. 
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HISTORY 


Regional and local stratigraphy portrays the evolution of the Freezeout Creek 
fault. Pre-Pennsylvanian formations are closely alike on either side of the fault 
and resemble those drilled in other eastern Colorado tests. No folding or faulting 
occurred during the deposition of Ordovician and Mississippian sediments. 

The first differential movement in the Freezeout Creek area began in post- 
Meramec (Mississippian) and pre-Morrow (Pennsylvanian) time. Perhaps strata 
were flexed rather than faulted during this time. Using well 1 as a base, only 29 
feet of Mississippian rocks were eroded at well 2 but 168 feet, all the Ste. Gene- 
vieve and a few feet of the St. Louis, were removed at well 3 by post-Meramec 
and pre-Morrow erosion. 

The initial Pennsylvanian (Morrow) seas transgressed across a base-leveled 
surface and black shales overlapped progressively older pre-Pennsylvanian for- 
mations westward. All the Morrow and part of the Desmoines sediments may 
have been deposited with relatively constant thickness over the Freezeout Creek 
flexure. Stresses in the buried flexure accumulated and slippage started in middle 
Desmoines time. The west block was gradually elevated relative to the east 
block and strata on the upthrown side were truncated to the middle part of the 
Morrow before a profile of equilibrium was attained. Late Desmoines sediments 
overlapped the Freezeout Creek fault; then, after early Missouri displacement 
and consequent erosion from the upthrown block, a wedge of Missouri and Virgil 
sediments buried the fault. 

An alternative interpretation of Pennsylvanian history is that slippage started 
in middle Morrow time and continued intermittently until late Virgil. In such 
case, deposition was continuous on the downthrown side, but cycles of deposition, 
elevation, and erosion on the upthrown side did not permit a complete Pennsyl- 
vanian sequence to accumulate on the upthrown block. Consequently, only thin 
remnants of the Morrow, Desmoines, and Missouri series remained at well 3 when 
slippage ceased and late Virgil sediments buried the fault. 

Permian, Triassic, Jurassic, and Cretaceous strata covered the Freezeout 
Creek area in regular succession. Most stratigraphic irregularities in the post- 
Pennsylvanian formations are probably due to tilting caused by differential 
settling. 


ONLAP AND STRIKE-OVERLAP! 


FRANK A. MELTON? 
Norman, Oklahoma 


There is much confusion in the uses of the word “overlap” in geological litera- 
ture. In recent years it has often been used to describe two different, though 


1 Manuscript received, June 19, 1947. 
2 School of Geology, University of Oklahoma. 


GEOLOGICAL NOTES 1869 


fundamental, concepts of stratigraphy: (1) the regular and progressive pinching- 
out of sediments above unconformities, and (2) the regular truncation of sediments 
below unconformities. The same term has probably been used in several other 
ways, at least one of which was to represent a facies change from marine to 
continental sediments of the same age. This was called “replacement overlap” 
by Grabau.® 

These two fundamental concepts are of great importance in the study of both 
regional and local stratigraphic maps; but because of the difficulties in illustrating 
the regional unconformities, the two concepts are more often confused in regional 
than in local studies. To keep the ideas clear the two fundamental concepts 
should be clearly separated. This could be accomplished by dropping the term 
overlap, and by substituting unambiguous terms, a procedure here recommended. 
Other uses of the word overlap, such as “replacement overlap” can be satisfac- 
torily covered by the term ‘“‘facies change,” variants of which would be “‘trans- 
gressive facies change,” “regressive facies change,” and “‘lithologic,” or “lithic 
facies change.” 

The first of the two fundamental concepts under discussion was originally 
clarified by Grabau. He called it ‘‘regular marine progressive overlap of the trans- 
gressive type.’”’ The writer proposes that the simpler name marine-onlap, which 
has already been used by various authors, be substituted for the more cumber- 
some term used by Grabau. Marine-onlap is thus used to describe the regular 
progressive pinching-out of marine strata above an unconformity (either regional 
or local) in such a way that the younger beds extend farther landward than do the 
older beds which lie beneath. It ignores the strictly local irregularities of bedding, 
the onlap relationship being the result of deposition in an advancing sea. Though 
it is most useful as a simplified concept of regional significance, it may also be 
applied to local pinching-out such as might be caused by progressive deposition 
over the sides of small buried granite hills. In addition, the term terrestrial-onlap 
can be used in connection with terrestrial formations, but such use is not under 
discussion here. 

The other fundamental concept is based on the obvious cases of high-angle 
truncation of formations, groups, and series, below well known unconformities. 
By analogy with, and extension of, these obvious examples, it is based also on 
the extremely low-angle regional truncation of sedimentary rocks below regional 
unconformities, which though known to many stratigraphers, have not thus far 
been well illustrated in most published geologic maps. Since such low-angle trun- 
cation‘ is a not uncommon occurrence in the sedimentary systems which have 
been closely studied, the writer finds that a clear understanding of it is essential, 
as is a clear separation of truncation in thought and speech from the other concept 
of marine-onlap. 

3 A. W. Grabau, “Types of Sedimentary Overlap,” Bull. Geol. Soc. America, Vol. 17 (1906), pp. 
567-636. Also summarized in Grabau’s Principles of Stratigraphy. 


4 Amounting in the case of certain well known unconformities to no more than 4 or 5 feet per 
mile along the outcrop—see following discussion. 
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In the study of stratigraphy at any level, either elementary or advanced, it is 
justifiable to introduce new terms if they help to keep the ideas clear. Accordingly, 
‘the name sirike-overlap is proposed for the truncation of sedimentary rocks below 
unconformities. Though it may be used to describe any such truncation,’ it will 
be most useful in describing the low-angle truncation below regional unconformi- 
ties. It effectively separates the two fundamental stratigraphic concepts, marine- 
onlap and low-angle regional truncation. It also emphasizes the slight divergence 
of strike that makes the latter visible on regional geologic maps. 

The slow pinching-out above regional unconformities of key beds, formations, 
groups, ef cefera, is a matter of increasing importance to oil geologists and stratig- 
raphers. So also is the pinching-out, by slow regular truncation of similar strati- 
graphic units below regional unconformities. These types of features are similar 
to one another in the extremely slow rates of convergence. Both furnish oppor- 
tunities for the occurrence of the stratigraphic type of oil field; yet each is funda- 
mentally different from the other, as all stratigraphic geologists well know. 

The writer does not suggest any change in usage of the terms unconformity, dis- 
conformity or nonconformity, or in the less restricted and more general terms 
“pinch-out” and “convergence.” When these two latter terms are employed for 
either onlap or strike-overlap, the meaning is ordinarily evident from the con- 
text. In clarification of convergence, however, it should be pointed out that where 
it isapplied to converging strata within an apparently conformable sequence, it will 
ordinarily fall within the strict meaning of “lithologic facies change,” or else it 
may be an example of truncation by a minor unconformity, or a channel filling. 

It must be emphasized that marine-onlap and strike-overlap in the low-dip 
plains of the world are similar in principle to onlap and erosional truncation with 
measurably high angles, such as commonly occur in mountain ranges. In moun- 
tains, such convergence is commonly at sufficiently large angles so that the reality 
of the convergence can be seen with the naked eye, at least from selected view 
points. Such conspicuous examples of unconformities are not under discussion 
here, and no change is proposed in the terminology to deal with them. In the 
plains country, however, the rates are ordinarily so extremely slow that no one 
can expect to see the convergence in outcrops. The channel-type of unconformity, 
of course, is extremely common and is readily seen; but in the case of the regional 
unconformity, if it is visible to the naked eye at all, the beds above and below 
will ordinarily appear to be stratigraphically parallel. Most observers, seeing such 
a contact on the outcrop and being told that it is a truncating contact, would say 
it is a disconformity. This older word, however, is not a suitable one for the slow 
regional truncation that the writer implies by the term strike-overlap. It is pos- 
sible that the term disconformity may have real meaning only in a local and not 
in a regional sense. 


5 Strike-overlap could not properly be used for the rare case in which the strike of beds above 
and below a regional truncating unconformity is the same. 
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MARINE ONLAP 
HYPOTHETICAL EXAMPLES 


The diagrams of hypothetical examples (Figs. 1-a, 1-b, and 1-c), and real 
examples (Figs. 2-a and 2-c) will help to clarify the quantitative aspects of ma- 
rine onlap, and especially to clarify the ideas about what may be called the “rate 
of marine-onlap,”’ as the writer has used the term for a number of years in his 
classes on regional stratigraphy. 

Case I.—The method of measuring a so-called “ideal maximum” rate of onlap 
can be illustrated by using a hypothetical example (Fig. 1-a). In this example the 
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Fic. 1-a.—Hypothetical cross section to illustrate “ideal maximum” rate of marine-onlap. Sea 
advances steadily across broad land surface, solely because of rise of sea-level and without tilting of 
land surface. This illustrates ‘‘true three-dimensional”’ rate (as do Figures 1-b and 1-c) since general- 
ized shore lines are assumed perpendicular to plane of cross section. 


sea advances steadily across a broad land surface, solely because of a rise of sea- 
level which is due, for example, to climatic change, without any tilting whatever 
of the land surface. If the sediments were to accumulate in this advancing sea, at 
such a rate that the surface of the sediments, though covering a broad region, 
would always be very close to sea-level, the rate of thinning by onlap, at right 
angles to the generalized shore, might be said to be an “‘ideal maximum” rate. In 
this special case it would also be a measure of the rate, in feet of elevation per 
mile of advance, at which the sea invades the land. It is assumed that the general- 
ized shore lines are perpendicular to the plane of all the cross sections in Figures 
I-a, 1-b, and 1-c. It is further assumed that no erosion of regional significance 
has occurred between or during the deposition of the key beds in any of the 
diagrams in Figures 1, 2, and 3. 

Case II.—If the sediments are not all deposited in shallow marine water (Fig. 
1-b), but if other conditions are the same as in Case I, the rate of onlap would 
not represent correctly the rate of rise in sea-level per mile of invasion, though it 
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might still be thought of as the rate of onlap for the sediments alone. 
Case IJI.—If all the sediments were to show evidence of deposition in shallow 
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Fic. 1-b.—Hypothetical cross section to illustrate rate of marine-onlap which is not “ideal- 
maximum.” It is, however, true three-dimensional rate since generalized shore lines are perpendicular 
to plane of cross section. Assumed conditions are similar to those of Figure 1-a, excepting that all 
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Fic. 1-c.—Hypothetical cross section illustrating tilting of land surface, faster deposition 
seaward, and onlap rate not so large as ratio indicates. 


marine or brackish water, but if the key beds, representing sea-level at two 
different times, were not parallel (one of them having been tilted by crustal 
movement), the rate of onlap would not be a correct measure of the rise of sea- 
level per mile of sea invasion, nor would it be an ideal maximum rate in the sense 
used in Case I (Fig. 1-a). It would still be a usable rate of onlap, however, indi- 
cating the approximate magnitude of the thinning, in feet per mile, to be ex- 
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pected. The onlap rate would be greater than the ideal maximum of Figure 1-a, 
a similar case with key beds parallel. The fact that the numbers give too large a 
rate is evident from Figure 1-c where part of the thickness of 1,000 feet may be 
due to more rapid deposition, say in inches per year, at « than elsewhere between 
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Fic. 2-a.—Vertical cross section showing onlap with key bed (assumed to be approximately 
of constant time value) held horizontal. Generalized shore lines are perpendicular to plane of cross 
section. 


REAL EXAMPLES 


Figures 2-a, b, and c illustrate real examples of marine-onlap as seen in cross 
section (a), and as seen on a simplified regional map (c). Whereas Figures 1-a, 1-b, 
and 1-c clarified the concept of marine-onlap, Figures 2-a, and 2-c show what the 
writer believes to be the only feasible method of computing rates of onlap in a 
plain with gently dipping rocks. Formation K which has a stratigraphic thickness 
of 1,000 feet at x (Fig. 2-a), pinches out to zero thickness at y, the distance from 
x to y being too miles. The average rate of onlap as used by the writer is accord- 
ingly 

1000 feet 


——= 10 feet per mile. 
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This is of course merely the average rate for the particular 100-mile interval illus- 
trated. The rate at any place within the 100 miles may be greater or smaller than 
this figure. 

Consideration of a regional map (Figs. 2-b, and 2-c) compels the geologist to 
bear in mind that the rate as computed by measuring distance along the outcrop, 
may be thought of as an “outcrop-component of marine-onlap,” or merely an 
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Fic. 2-b.—If front end of diagram illustrates true three-dimensional rate of marine onlap, top 
shows outcrop rate is only a component of true rate, being smaller in feet per mile of onlap. Formation 
F is of constant thickness throughout diagram, and formation surface is true geometrical plane. 
Diagram shows outcrop after upwarp at north end and erosion practically to sea-level. 
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Fic. 2-c.—Simplified regional map showing onlap. 
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“outcrop rate”; on the basis of probabilities it would have small chance of being 
the correct, or maximum, three-dimensional rate. Since with sufficient well logs, 
a vertical cross section may be taken in any direction, the question of outcrop 
rates versus correct three-dimensional rates may not arise. 

In all situations known to the writer where marine-onlap must be postulated 
to explain basal convergence, the cause of sea advance is unknown. It may have 
included eustatic rise of sea-level caused by climatic change or by distant dia- 
strophic effects. It probably also included an unknown number of crustal tiltings, 
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Fic. 3-a.—Vertical cross section to illustrate rate of truncation with truncating unconformity 
held horizontal. Strike of underlying beds is perpendicular to plane of cross section. 


by unknown amounts, in unknown directions. Under these conditions, if it is 
desirable to think of a ‘rue rate of marine-onlap, the writer believes that it should 
be the correct or maximum three-dimensional rate for the region being considered, 
entirely disregarding all strictly local irregularities. Even if the exact amount of 
crustal tilting and rise in sea-level could be determined, these also should be 
ignored in determining a “‘true”’ rate. 

In coastal plains or other low-dip plains, to which these ideas have their best 
application, the marine-onlap, computed from three-dimensional data and ignor- 
ing small embayments of the advancing shore, will of course be in a direction, 
ordinarily landward, such that the strike of the outcrop could be a component of 
the onlap direction. In other words, the outcrop component of onlap at a given 
place will be within go° of the true direction of onlap at that place. 


STRIKE-OVERLAP 


Figures 3-a and 3-b illustrate strike-overlap (or low-angle truncation) as seen 
in cross section (Fig. 3-a) and on a simplified regional map (Fig. 3-b). In Figure 
3-a, formation M, which is 1,000 feet thick at x, and which pinches out by 
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erosional truncation at y, a point 100 miles distant from x, has an average rate of 


truncation of 
1000 feet 
—————= 10 feet per mile. 
100 miles 


With adequate subsurface data a cross section similar to that of Figure 3-a could be 
chosen in that direction which would give the maximum rate of truncation. Such 
a rate may be thought of as the érue rate or maximum rate, depending on which 
term fits the context best. If the thickness and distance were measured on the 
outcrop, the rate would be merely an outcrop rate or component rate. The maximum 
rate, measured of course in the proper direction to give a maximum figure, 
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Fic. 3-b.—Map showing strike-overlap, or regional low-angle truncation. 


should be accepted as a correct measure of the rate of regional truncation that 
was accomplished during the interval before the unconformably overlying beds 
were deposited, provided a study of the regional geology shows that no other 
younger unconformity could have accomplished part of this truncation.* Such 
slow truncation at regional unconformities, which the writer calls “‘strike-overlap” 
when it appears on regional maps, is illustrated by Figure 3-b. 

In this case, also, formation M, which is 1,000 feet thick at x, pinches out to 
zero thickness at y, a point 100 miles along the generalized outcrop. The rate of 
strike-overlap may be said to be 

1000 feet 


————-=10 feet per mile. 
100 miles 


This rate is obviously an average for the distance x to y; the actual rate at any 
point might be greater or less than this amount. It is of course merely the outcrop 
component of the rate of truncation. On the basis of geometrical probabilities 


6 For example, if the unconformably overlying beds were Tokio-Brownstown and the truncated 
beds were Comanche, the truncation could not be entirely ascribed to one pre-Tokio erosion interval, 
unless the regional geology proved that the Woodbine-Eagle Ford unit had not formerly been present 
here and removed prior to Tokio time. 
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(that is, if subsequent tilting were in some random direction), it would have small 
chance of being the “‘true”’ or ‘“‘maximum”’ rate. The distance should be measured 
along the generalized outcrop as though the surface of the ground were smoothed 
out, the irregularities of outcrop due strictly to topography being eliminated. 
One might measure an outcrop distance considerably greater than 100 miles unless 
he ignored the curves in outcrop resulting from the presence of hills and valleys. 
The thickness of formation M should be measured, preferably, on a well log at x 


Fic. 4.—Diagram showing that the term “strike-overlap” may be used for truncating relation- 
ships at “buried outcrop” of unconformity. In order for such usage to be properly employed, eroded 
surface of younger unconformity must be thought of momentarily as restored terminal surface of 
erosion, or peneplain, supposedly at sea-level throughout its extent. 


if such is available. If not, it could be measured across the surface of the ground 
at right angles to the strike at x; or it could be pieced together from thicknesses of 
subdivisions of M measured along the strike of the unconformity. 

It is apparent that ordinarily one can not be certain that a full 1,000 feet of 
strata was ever present at y before removal by erosion. But the rate of 1,000 feet 
per 100 miles will have to be accepted in the absence of more complete informa- 
tion such as could be furnished by down-faulting near y and preservation of a 
part of the former complete section of M at this place. 
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SUBSURFACE USE OF STRIKE-OVERLAP 


The term strike-overlap can be used to describe'the low-angle truncating re- 
lationships shown on any geologic map so long as true relative strike directions 
are given by the map. In the illustrations previously given, attention was directed 
to truncation of sediments at the surface. The same ideas may be applied, how- 
ever, to the truncation which is in places evident below subsurface unconformities 
when regional geologic maps are drawn on the eroded surface of a younger and 
higher unconformity (Fig. 4). In order for such a subsurface usage to be properly 
employed, the eroded surface of the younger unconformity, that is, the surface on 
which the map is drawn, must be thought of momentarily as a restored terminal 
surface of erosion, or peneplain, supposedly at sea-level throughout its extent. 
In the broad plains of the world this assumed sea-level position was no doubt the 
approximate state of most unconformities shortly before burial beneath younger 
strata. 

In computing rates of marine-onlap and strike-overlap, it has been assumed 
that the rock thickness between two constant-time horizons does not decrease 
toward the depositional basin, a condition that is generally true in regions thus 
far studied. The less common case where such thinning does take place is not 
covered here. The writer does not claim that this paper is an exhaustive study of 
onlap and strike-overlap. It is merely a presentation, in highly simplified form, of 
some of the important stratigraphic relationships in regions of low dip. 


NOMOGRAPHIC SOLUTIONS OF DIP COMPUTATION 


W. A. VISSER?! 
Leiden, Holland? 


1. Relation between amount of dip and dip in direction of cross section.—This 
relation is given by 


tan a = sin y tanB (1) 


where 8=the maximum dip, 
a=the reduced dip in the direction of the cross section, 
+y =the angle between the cross section and the strike of the bedding plane. 
For an equation of this shape it is always possible to construct a nomogram 
that consists of two parallel straight lines, cut by a third. On each line the values 
of one of the variables are plotted; then corresponding values of the three vari- 
ables lie on a straight line. In the case under consideration two of the variables 
are tangents. If straight lines are used as scale-bearers, the point for tan go will 
be at infinity. This will be avoided by the use of a conic section, which passes 


1 Manuscript received, April 21, 1947. Published by permission of the Bataafsche Petroleum 
Maatschappij. 
2 Geologist. 
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through the intersecting points of the straight lines. The scale on each of the 
parallels must be projected onto the conic section from the intersecting point of 
the other of the parallels and the conic section. In the nomogram of Figure 1 a 
circle with a radius of 5.6 centimeters was used for the conic section. On the 
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horizontal diameter the scale for tan 8 has been plotted in the way described 
below. The two parallel scales run in the second and fourth quadrants from the 
intersecting points of the circle and the horizontal diameter to the intersecting 
points of the circle and the vertical diameter. On the chord in the second quad- 
rant the scale for the reduced dip has been plotted in such a way that the point 
tan o=o lies in the intersecting point of the horizontal, the point tan 45=1 in 
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the intersecting point of the vertical diameter. Then the point tan go= = lies, 
after projection, diametrically opposite the point tan o=o. The projected scale 
divides half the circumference of the circle in go equal parts. 

On the chord in the fourth quadrant the scale for the angle between the strike 
and the cross section has been plotted. The point sin o=0 lies in the intersecting 
point of the circle and the horizontal, the point sin go=1 in the intersecting 
point of the vertical diameter. 

The scale for the maximum dip has been plotted on the horizontal Hnnemnen 
by determining the intersecting points of the straight lines that connect the 
point y=90 with each of the subdivisions of the scale for the reduced dip, and 
numbering these points accordingly. 

The magnitude of the dip in the direction of the cross section will be found 
by putting a ruler along the observed values of the maximum dip and the angle 
between strike and cross section. Then the ruler will cut the scale for the reduced 
dip in the point that represents the sought value. 

2. Two dip components and their azimuths have been measured in two vertical 
not-parallel walls of a pit.—Since the dip measured in a wall of a pit may be com- 
pared with the reduced dip, equation 1 applies to this case also. The maximum dip 
is now the unknown quantity and has to be computed from two known dip com- 
ponents. The computation becomes somewhat simpler, if for the strike the direc- 
tion of the dip is substituted. Hence 


tan a; = cos 0; tan B 
tan ae = cos d2 tan B (2) | 
0; + Oo = e€ 


where a; and ae=the measured dip components, 
0; and d2=the angles between the directions of the measured dip com- 
ponents and the direction of the dip; 0; adjoining a, 
¢=the angle between the directions of the dip components, given 
by the difference of the azimuths, 
8=the maximum dip. 
From equation 2: 


tan a, cos 0; 


tan ae COS O02 


tan a, cos 0; 
=X and 
tan ae COS 02 


or 


We presume a; Saez, so that 0:20. and of X S1. Hence X may be expressed 
as a cosine: 
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tan ay 


= cos A (3) 

tan ae 

Cos 0; 
= cos A (4) 

COS Oe 
0; Oo = (5) 


Obviously the nomogram of Figure 1 may also be used for the solution of 
equations 3, 4, and 5. This nomogram gives the ratio of tangents, expressed in 
sines. Therefore a fourth scale has been added that gives the ratio in cosines; 
it is marked: angle between cross section and direction of dip. In the nomogram 
corresponding values of a1, 0:, and 8 and of ae, de, and 8 (compare equation 2) lie 
on two straight lines, which intersect in a point that represents the sought value 
of 8. To do the computation it is necessary to use two rulers (most suitable if 
transparent), which are each laid along the values of the dip components on the 
scale for the reduced dip and which cross each other on the scale for the maxi- 
mum dip. By moving the rulers, while they are kept fixed on the values of the 
dip components and crossed on the scale for the maximum dip, it is possible to 
find two values on the fourth scale, which have such a magnitude that their sum 
is equal to the difference between the azimuths of the dip components. 

From equations 4 and 5: 


cos (€ — 02) 
———— = cos A 
COS 
COS € COS 02 + sin € Sin do 
= cos A 
COS 02 
cos A — cos e = tan do sin e. (6) 


It is possible to construct a nomogram for equation 6 that consists of three 
parallel lines, cut by a fourth (Fig. 2). Cos A has been plotted on the vertical 
line at the left-hand side of the nomogram, cos ¢ on the one at the right-hand side. 
The scale on the median line gives the difference of cos A and cos e: 


cos A — cose = B, 


so that three corresponding values of A, e, and B lie on a straight line. 

The values of d2 have been plotted on the horizontal line, the values of € on 
the lower part of the vertical] line on the right-hand side of the nomogram in such 
a way that the scale for B on the median line gives the product of tan 02 and sine: 


tan do sin e = B. 


Three corresponding values of de, ¢, and B lie on a straight line. 
A nomogram for equation 3 has been constructed in the same figure. The 
scale for a; has been plotted on the lower part of the vertical median line (a;<45), 
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the scale for az on the left-hand part of the horizontal line. Thus A may be found 
either on this nomogram by putting a ruler along the known values of a; and ae, 
which then cuts the scale for A at the sought value, or on the nomogram of 
Figure 1, whereby it has to be borne in mind that one should read the scale 
“angle between dip component and direction of dip.”’ 

After the determination of A a ruler will be laid along the just found value of 
A and the known value of € on the scale, marked e’. The ruler then cuts the scale 
for B in some point. Next it must be revolved around this point until it cuts the 
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scale marked e” at the known value of e. Then the scale for d2 will be cut at the 
sought value of 02. The positive values of d2 are taken from the dip component 
a2 toward a, the negative values the other way round. Herewith the direction 
of the dip has been determined. To find its magnitude either the nomogram of 
Figure 1 or the left-hand part of the nomogram of Figure 2 may be used. Put a 
ruler along the value of 02 on the A-scale (direction between cross section and dip 
component) and the value on az on the ai-scale (reduced dip). The a-scale (maxi- 
mum dip) then will be cut at the sought value of the true dip (see below). 

Of some importance is the way in which e will be computed. It must be done 
by subtracting the azimuths of the dip components; errors will be made by 
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putting ¢ as the horizontal angle between the two walls of the pit. Consider Figure 
3, where the walls have been drawn in heavy lines, enclosing the angle ¢, the direc- 
tions of the dip components have been indicated by arrows and the resulting 
strike and dip by the conventional sign (@ has been drawn to be >go). In case 
both components dip away from the corner of the pit (a), the direction.of the 
maximum dip lies between the dip components and ¢=e=0,+ 02. If one of the 
components dips away from the corner (b) and the other dips toward it or both 
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dip toward the corner (c), then ¢ is given by the difference of the azimuths and 
not by the angle between the walls of the pit; e=180—@ or e=@ and e=0,+ de. 

The direction of the dip lies outside the pit. The possible lay-outs of dip 
components and maximum dip if ¢<go have been drawn in Figure 4. In most of 
the cases «= 180—@ or e=¢ and €=01+02 (a, b, c), but it may happen also that 
the direction of the maximum dip lies outside the angle enclosed by the dip 
components, then ¢=e=0,—02 (d). Always, except in (a), the direction of the 
dip lies outside the pit. 

The maximum dip lies between the dip components: e=01+0¢2 (Fig. 3, Fig. 
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4a, b, c). Then A Se, because in the case that az and 8 have the same azimuth, 
0e=0 and 0,=4, hence A =¢; if dz increases and ¢ remains the same, A decreases, 
hence A Se. This is always the case if €290 and sometimes if e<go. 

In this case on the nomogram of Figure 2 a positive value of B will be read 
and consequently d2 will also be positive and smaller than go°. 

The direction of the maximum dip lies outside the angle enclosed by the dip 
components: «=0,—02 (Fig. 4d). This happens if A>e, because A becomes a 
maximum (go), if a1=0 and d;=g0. Hence, if ¢<go, it may occur that A>e. 

On the nomogram of Figure 2, in that case, a negative value of B will be read 
and 2 will be negative or possess a value between 315° and 360°, in accordance 
with equation g that may be derived from equation 4 and the equation: 0: —02=e: 


cos (€ + 02) 
=cosA 
cos Oo 
COS € COS ds — sin € Sin dg 
= cos A 
COS 02 
cos A — cose = — tan desine. (9) 


3. Three points of a bedding plane are known.—The ratio between the differ- 
ence in height of the highest and the intermediate point and their distance, and 
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the ratio between the difference in height of the highest and the lowest point and 
their distance give the tangents and as a consequence the angular value of two 
components of the sought dip in two known directions. A nomogram to compute 
these ratios has been constructed on Figure 5. It is of the same type as the one on 
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Figure 1. The scales for the differences in height and the distances have been 
plotted on two parallel lines in the same units. The scale for the angle is shown on 
the third line, enclosing angles of 30° with the other lines. The sought angle will 
be found by putting a ruler along the known values of height and distance 
(measured in the same units). Then the ruler will cross the third line at the sought 
value of the angle. Next the direction of the dip and its magnitude may be deter- 
mined in the way discussed in paragraph 2. The angle ¢ is now given by the angle 
enclosed by the lines connecting the highest to the intermediate and the lowest 
point respectively, since these are the azimuths of the dip components. 


GRAPHICAL CONSTRUCTION OF PERSPECTIVE DIAGRAMS! 


G. D. HOBSON? 
London, England 


At some time or other most geologists feel the need for a “‘solid’”’ diagram in 
order to illustrate some point vividly. Those with a flair for drawing are able to 
satisfy this need in many cases by a suitable sketch, but others, lacking this skill, 
must have recourse to mechanical or other methods of construction, or else leave 
the need unsatisfied. Various methods, employing mechanical (1, 10) or optical 
aids (3, 4, 5) have been described for constructing “solid” diagrams. In addition, 
there are graphical methods (2, 6, 7, 8, 9, 11), among which isometric projection 
has become popular because of certain features which make the construction 
simple. Isometric projection, however, gives a decidedly awkward appearance 
in some cases, and therefore a more truly perspective drawing is desirable from the 
point of view of reality. Consequently, geologists desiring to depict structures or 
similar features in perspective may obtain some help from the following descrip- 
tion of a graphical method which achieves this end when mechanical and optical 
aids are not available. 

PRINCIPLE OF METHOD 


A common method of enlarging or reducing a drawing of irregular outline 
consists of superimposing a square grid on the original drawing and sketching 
the form on a second square grid which has dimensions determined by the en- 
largement or reduction required. The same principle can be employed if it is 
desired to redraw the original in a “‘distorted’’ form, provided that the square 
grid of the original is first ‘‘distorted” appropriately. If the square grid is redrawn 
in perspective, a perspective diagram of an original plane irregular outline can 
be produced. If a series of square grids, superimposed to form a three-dimensional 
grid, are drawn in perspective, they can be employed for producing perspective 
views of the topography or geological structure represented by contour maps. 


1 Manuscript received, June 14, 1947. 
2 Lecturer in oil technology, department of geology, Imperial College of Science and Technology. 
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The method to be described is accordingly based on the construction of a perspec- 
tive view of a three-dimensional grid, and the subsequent sketching of successive 
contours at the correct “levels” within the perspective view of the grid or frame- 
work in conformity with a grid superimposed on the contour maps. If desired the 
vertical scale can be exaggerated in the perspective diagram when exaggeration 
will clarify some point. 

The construction of a plan view and a side view of a three-dimensional grid, 
together with the position from which the grid is supposed to be observed, is a 
straightforward operation. The trace of the picture plane on which the persfec- 
tive view is to be drawn is added to these two diagrams, Rays from the point of 
observation through points on the plan of the grid to the trace of the picture 
plane, will give the horizontal spacing of the projections of these points on the 
perspective diagram. Rays from the point of observation through points on the 
side view of the grid to the trace of the picture plane will give the vertical spacing 
of the projections of the same points on the perspective diagram. The horizontal 
spacings and the vertical spacings are the coordinates, and therefore they permit 
the location of the positions of the various points of the three-dimensional grid on 
the perspective diagram. A more detailed description of the method of construc- 
tion follows. 


CONSTRUCTION OF PERSPECTIVE FRAMEWORK 


Type A.—Suppose that a b c d is the plan view of the outline of a square grid, 
with O the plan position of the point from which the three-dimensional grid is 
observed, and PP’ the trace of the picture plane (Fig. 1). ON is the normal to the 
trace of the picture plane. The line Ob when produced to meet PP’ gives b’, 
where Nb’ is the horizontal distance of the projection of point b from the center 
line (through N) of the picture. Similarly d’ is the projection of point d on the 
horizontal trace of the picture plane. The projections of all other points of the 
grid can be obtained in the same way. 

It is now necessary to obtain the vertical relationships of the projected points. 
On the right of the diagram is a side view of the arrangement seen in plan view 
on the left. O’ is the eye position, O’N’ the eye level, and a, 6, c and d the positions 
of the corners of the square as seen from the side. N’P” is the vertical trace of 
the picture plane. A straight line from O’ through b gives the projected position 
b’ of b. Returning to the left-hand part of the diagram and accepting PP’ as 
marking the eye-level on the perspective diagram (an independent picture can be 
drawn if desired) the picture position, B, of the point b will be obtained by drop- 
ping a perpendicular from PP’ at b’, this perpendicular being equal in length 
to N’b’. 

On this type of projection a square a b cd vertically below a bcd, with 
a, b, c, and d vertically below a, b, c, and d respectively, will give projections on 
the horizontal trace of the picture plane PP’ which coincide with a’, b’, c’, and d’. 
Seen from the side this square will be represented by a bc d where a ais the vertical 
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distance (to scale) between the two squares. The vertical positions of the pro- 
jections of points on N’P” (the vertical trace of the picture plane) can be ob- 
tained simply, and a’ is the projected position of a. The picture position A of the 
point a is obtained by dropping a perpendicular from PP’ at a’ which is coincident 
with a’, and making the length a’A equal to N’a’. 

In this type of grid the spacing of successive layers on the perspective diagram 
is constant (as measured at each corner). Hence if the corners are derived for two 


2’ 


b c N 
i 


Fic. 1 


widely spaced layers, the corners of intermediate layers can be obtained by ap- 
propriate sub-division of the lines connecting corresponding corners of these two 
layers. Furthermore, when the grid is constructed, it is necessary only to deter- 
mine the points at which the grid lines meet the edges of one layer. Thereafter 
the positions at which the lines meet the edges of other layers is obtainable simply 
by projection from the points marked for the first layer in a direction parallel 
with the lines joining corresponding corners of successive layers. 
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In the foregoing manner it is practicable to build up a framework of any 
required degree of complexity (Fig. 2). In order to avoid the maze of lines result- 
ing from an attempt to make the entire construction on a single diagram, it is 
preferable to make the construction for each layer of the framework on a separate 
sheet of tracing paper on which two registration points are marked to enable the 
final diagram to be assembled properly when required (Fig. 4, points X and Y). 

The size of the perspective framework can be varied in two ways. If the 
picture plane trace is placed at pp’ (Fig. 1) instead of PP’, the size will be on 
of that obtained with the trace PP’. If a large framework is required with the eye 
at a moderate distance away, it would require a very large piece of drawing paper 
to include the eye and picture plane trace. In order to avoid this the construction 


Fic. 2.—Part of assembled perspective grid or framework. 


can be made on a smaller scale, and the resulting perspective framework en- 
larged proportionally to the required size. 

The picture co-ordinates of points can easily be calculated for the Type A 
framework. Suppose that the space coordinates of a point are x, y, and z, the eye 
being taken as the origin, distances measured horizontally toward the picture 
plane being in the x-direction, distances measured to the left or right of a vertical 
plane through the normal to the picture plane being in the y-direction, and dis- 
tances measured vertically being in the z-direction. Let a and 8 be the picture co- 
ordinates of the projection of the point defined by the space coordinates x, y, and 
z, w being measured horizontally and 8 being measured vertically with reference 
to some fixed origin on the picture plane. 6 is the distance from the eye to the 
picture plane. Examination of Figure 1 indicates that the following relationships 
will hold. 


6 
, whence B=—-z; 
x 


| 
6 
—=—, and a=—-y. 
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Strictly this type of framework (Type A) should be mounted below the eye- 
level in order that the correct effect may be obtained, that is, the relationships 
of eye and picture should be geometrically similar to those visualised in the con- 
struction of the picture. It is, however, more likely that a picture will be viewed 
with the eye-level at its mid-point approximately, a situation which would agree 
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with looking directly at the solid object to be depicted, and not with having the 
object below the eye-level. A construction giving a framework (Type B) conform- 
ing with this arrangement is scarcely more difficult to make than that already 
described. 

Type B.—As before, a plan view and side view of the object grid, eye, and pic- 
ture plane are employed in the construction (Fig. 3). Suppose that O is the eye 
position and a b c d the plan of the grid; on the side view O’ and a 6 c d are the 
corresponding features. O’N’ is the central ray from the eye, O’, and N’P” is the 
trace of the picture plane on the vertical plane. O’N’ and N’P” are at right 
angles. 

On the side view, the projection of c on the picture plane is c’. A line is drawn 
from c’ in a direction at right angles to ON and where this intersects a straight 
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line through O and c, there lies the projection c’, of c, at its correct horizontal 
distance from the line ON. A line perpendicular to ON is drawn from P” and this 
line XX’, is the base line from which measurements are made to obtain the 
picture points of the various corners, et cefera. The picture point C is obtained by 
measuring at right angles to XX’ and on a line passing through c’, a distance 
equal to P’’c’, 

If in plan the grid a 6 c d is vertically below a b cd the perspective view, 
A B CD, of this grid, is obtained in a like manner after placing a } c d at the 
correct distance, to scale, below a } c d on the side view. The internal lines of the 
grid can readily be located by the same procedure. 

The corners of each layer of this framework must be obtained by projection 
as described, and layers can not be interpolated by uniform subdivision of the 
interval between the corresponding corners of two layers, a method which is 
applicable in the Type A framework. However, once the points at which the 
internal lines meet the edges of two layers have been determined, connection of 
the ends of corresponding internal lines will give (on projecting where necessary) 
the ends of the internal lines for other layers. 


PERSPECTIVE DIAGRAM 


Having prepared the perspective framework of the type preferred, the next 
step is the fitting of the map contours to this framework. The different “levels” 
of the framework are selected to agree with the different contour levels on the 
map. A grid of the type used for preparing the perspective framework is placed 
over the contoured map, the map being rotated to a position which will give the 
view desired. The topmost contour is then drawn on the topmost grid of the 
perspective framework by noting the positions where the contours and the square 
grid lines intersect (Fig. 4). In filling in the intervening parts of the contour lines 
on the perspective framework the trend will be apparent from rough considera- 
tions of proportion. The other contours are treated similarly by being transferred 
to the appropriate “‘level’’ in the perspective framework. In certain instances 
parts of the contours may not be visible from the view-point selected. Accord- 
ingly they need not be drawn. 

A contour overlapping a lower contour indicates that the overlapped part of 
the lower contour will be masked. LM is the overlapped part (Fig. 5). On adding 
finishing touches the part MT should be omitted since it also will be invisible. 
The line RT should be tangential to the curve of the contours concerned. 

In the foregoing manner a perspective view of the feature depicted by the con- 
tours on the original map is built up. Artistic considerations may demand the 
addition or emphasis of certain lines, but with the essential lines provided by 
construction little difficulty should be found in adding these finishing touches. 

It may be necessary to make several diagrams before a wholly satisfactory 
result is obtained. In some cases a better result may be obtained merely by 
rotating the map on the grid, but in other instances it may be necessary to vary 
the level of the topmost contour within the perspective framework. 
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Fic. 4.—On square grid, inner of two contours is assumed to be at higher level. Perspective views 
of these two contours on appropriate grids are shown in two upper diagrams, together with X and Y, 
registration points for assembly of final diagram as in Figure 5. 


Fic. 5.—Diagram assembled from two perspective grids of Figure 3. Grids have been erased. 


For angular features such as mine-workings the procedure outlined for con- 
structing the perspective framework can be applied to the direct construction of 
perspective diagrams of the workings without the intervention of a three- 
dimensional grid, but for extensive workings it may be less troublesome to make 
use of the intermediate step of a perspective framework. 
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CORRECTIONS 


EQUILIBRIUM OF FORM AND FORCES IN TIDAL BASINS OF COAST 
OF TEXAS AND LOUISIANA 


W. ARMSTRONG PRICE 
(September Bulletin, Vol. 31, No. 9) 


. 1619, line 5 of second paragraph of Abstract, omit: “or being followed by.” 
. 1620, Fig. 1a, line 2, after “broken lines,’”’ add: with (?). Formation contacts by broken 


lines. 
1620, line 3, after “‘Prairie, Beaumont,” add: QR, Recent. 


. 1626, last line, for “Four,” read: Seven. 


1630, line 2, after “northward,” read:—at times west and southwest— 
1636, line 4, for “recent time,” read: the past decade. 
1645, second paragraph, “‘D. Johnson”’ should be D. W. Johnson. 


. 1648, line 3, ‘‘Fig. 2, b, a” should read: Fig, 2, b, c. 
. 1648, 3rd line of 2nd paragraph. After “Valley,” add: (Fig. 3). 
. 1648, 13th line. After “walls,” add: (See R, north of Bay 9, Fig. 1). 


1659, No. 11 of Conclusions, last line. The formula should be: 
0.41% +3.0 
=- 
5280 


. 1661, No. 27 of Conclusions, lines 2, 3, after “tidal currents,’ add: in channels. 
. 1662, in References Cited. For “Johnson, Douglas N.” read: Johnson, Douglas W. 
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REVIEWS AND NEW PUBLICATIONS 


* Subjects indicated by asterisk are in the Association library, and are available, for loan, to 
members and associates. 


FUNDAMENTALS OF EARTH SCIENCE, BY 
HENRY DEWEY THOMPSON 


REVIEW BY ROY R. MORSE! 
Houston, Texas 


Fundamentals of Earth Science, by Henry Dewey Thompson. Century Earth Science Series. 
D. Appleton-Century Company, Inc., New York (1947). 461 pp., 304 figs. $3.75. 
The stated purpose is to present a basic text for a one-semester course, a well balanced 

survey of earth science at about the freshman level, whether the student takes only one 
course in geology or expects to go farther. The approach to this objective is orthodox. The 
student is introduced to the science in 48 pages dealing with the earth as a planet, theories 
about its origin and age, speculations regarding its interior, and general statements re- 
garding gradation, diastrophism, volcanism, metamorphism, and isostasy. 

The next 128 pages cover climate, weathering, and erosion, with a good section on the 
work of streams and the erosion cycle. Then follows more abbreviated treatment of ground 
water, glaciation, wind work, lakes and swamps, and a chapter on the ocean and its 
shores, which unfortunately includes extraneous matter, errors, and confusing statements 
weakening its value. The next 136 pages briefly cover the fields of mineralogy, petrology, 
structural geology, and geomorphology. These are followed by an excellent and concise 
chapter emphasizing the present as the key to the past which might well have served as 
an introductory section. Useful aspects of the science are then considered, with eight 
paragraphs on mineral deposits and four on engineering geology. 

References to collateral reading are important for those whose enthusiasm is aroused. 
Such references are listed after each chapter. Inclusion of more references to original 
sources such as Lyell, Playfair, Geikie, Agassiz, Gilbert, W. M. Davis, would seem justified 
particularly as ideas treated in this text originated with or were perfected by some of these 
men whose skill in writing as well as in the use of the scientific method deserves the at- 
tention of the recruits to whom the book is dedicated. 

Too many errors for even a first edition have escaped the proof-reader, and some are 
serious. The confusion of slate and shale (p. 346), the definitions of chalk (p. 340) and 
chert (p. 343), the treatment of submarine canyons (p. 252) and shore lines (p. 269) need 
correcting. The freshman’s concept of artesian flow and permeability (p. 180) will have a 
bad start. The definition of a bayou (p. 248) will irritate any student from the South as 
will the implied mislocation of the Mississippi River at Shreveport (Fig. 98), and the 
Westerner will ponder over the misspelling of one of his well known towns (Fig. 273). 
The photographs are not of the high quality of the drawings, and the text would be more 
effective if most were omitted, as the student will soon tire of attempting to locate features 
which are not there (Figs. 143, 167). 

While this text is orthodox and subject to the usual defects of a first edition, your re- 
viewer would raise the larger question of science versus dogma. Is the normal text-book 
approach and content likely to achieve the main objective? For any student, but perhaps 
most important for the one-course student who picks up only a few science units by the 
wayside, that objective is to demonstrate the “scientific habits of mind,” the logical pro- 


1 Shell Oil Company, Inc. Review received, August 14, 1947. 
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cedure from the known to the unknown, to teach the man to think for himself. One 
wonders if the average freshman, impressed at the outset with the mysteries of the earth, 
will ever become aware that there is any science involved. As Huxley put it in 1869, 
“Unless that which is taught is based on actual observation and familiarity with facts, it 
is better left alone.”’ Structural and economic geology and geophysics comprise a large 
body of well established facts. In a ‘‘well-balanced survey” designed to demonstrate the 
scientific method these must be presented as the foundation on which present-day concepts 
must rest, wholly irrespective of the art of application in industry. 


RECENT PUBLICATIONS 


ALABAMA 


*“Gilbertown: Oil Outpost,” by Wa!ter B. Jones and Winnie McGlamery. World Oil, 
Vol. 127, No. 1 (Houston, September 1, 1947), pp. 42-46; 1 figs., 2 photographs. 


ALASKA 


*“Ojil Prospecting in Alaska,” by K. Marshall Fagin. Petrol. Eng., Vol. 18, No. 12 
(Dallas, Texas, August, 1947), pp. 43-48; 5 photographs, 4 figs. 


ATLANTIC COAST 


*“The Atlantic Coastal Plain, Its Geology and Oil Possibilities,” by Horace G. 
Richards. World Oil, Vol. 127, No. 3 (Houston, September 15, 1947), pp. 44-50, 58; 4 figs. 


CALIFORNIA 


*“Production and Supply of Natural Gas from Oil and Gas Fields in California,” by 
Roy E. Collom. Petroleum World, Vol. 44, No. 9 (Los Angeles, September, 1947), pp. 32- 
51; 6 pls., 4 tables, 1 chart. 


EAST INDIES 


*“Coral Reefs of the East Indies,” by J. H. F. Umbgrove. Bull. Geol. Soc. America, 
Vol. 58, No. 8 (New York, August, 1947), pp. 729-78; 24 figs., 12 pls. 


ECUADOR 


*“Fcuador Has Small but Lively Integrated Petroleum Industry,” by Kenneth B. 
Barnes. Oil and Gas Jour., Vol. 46, No. 17 (Tusla, August 30, 1947), pp. 46-48; 6 photo- 
graphs, 1 sketch map. 

GENERAL 


*“Review of Petroleum Geology in 1946,”’ by F. M. Van Tuyl and W. S. Levings, with 
contributions by many others. Quar. Colorado School Mines, Vol. 42, No. 3 (Golden, 
July, 1947). 316 pp. Sponsored by A.A.P.G. research committee. Contains a bibliography 
of 3,000 references classified geographically and according to subject matter. Price, $2.50, 
postpaid. 

*“Geological Interpretation of Radioactivity Well Logs,” by J. E. Kilkenny. Petrol. 
Eng., Vol. 18, No. 12 (Dallas, Texas, August, 1947), pp. 137-38. 

*“Relative Permeability Measurements on Small Core Samples,” by R. A. Morse, 
P. L. Terwilliger, and S. T. Yuster. Oil and Gas Jour., Vol. 46, No. 16 (Tulsa, Oklahoma, 
August 23, 1947), pp. 109, 113-25; 11 figs. 

*Ibid., Producers Monthly, Vol. 11, No. 10 (Bradford, Pennsylvania, August, 1947), 


PP. 19-25. 


1896 REVIEWS AND NEW PUBLICATIONS 


*Bibliographie des Sciences Géologiques,” Deuxieme Serie, Tome 16 (1945), pub- 
lished by the Société Géologique de France with the cooperation of the Société Frangaise 
de Minéralogie. Bibliography of publications received in Paris in 1945. 201 pp. Soc. Geol. 
de France, 28, rue Serpente VI°, Paris. Price, 300 fr. 

*“Paleozoic Cordilleran Geosyncline and Related Orogeny,” by A. J. Eardley. Jour. 
Geol., Vol. 55, No. 4 (Chicago, July, 1947), pp. 309-42; 9 figs. 

*“Correlation of Erosion Surfaces in the Southern Appalachians,” - Paul R. Shaffer. 
Ibid., pp. 343-52; 3 figs. 

*Bacterial Release of Oil from Oil-Bearing Materials,” by Claude E. ZoBell. World 
Oil, Vol. 126, No. 13 (Houston, August 25, 1947), pp. 36-47; Vol. 127, No. 1 (September 1), 
Pp. 35-41, photographs. 

*‘Geosynclines: a Fundamental Concept in Geology, Part I,” by M. F. Glaessner and 
C. Teichert. Amer. Jour. Sci., Vol. 245, No. 8 (New Haven, Connecticut, August, 1947), 
pp. 465-82. 

*“Telineation of Parallel Folds and Measurement of Stratigraphic Dimensions,’’ by 
John B. Mertie, Jr., Bull. Geol. Soc. America, Vol. 58, No. 8 (New York, August, 1947), pp. 
779-802; 16 figs. 

*Rocks and Rock Minerals, by Louis V. Pirsson. 3d edition (1947), revised by Adolph 
Knopf. 349 pp., 72 figs., 36 pls. 5.5 X8.375 inches. Cloth. John Wiley and Sons, Inc., New 
York. Price, $4.00. 

*““Newer Techniques in Aerial Surveying,” Pt. 1, by Sherman A. Wengerd. World Oil, 
Vol. 127, No. 3 (Houston, September 15, 1947), pp. 37-42; 2 figs. 

*“New Gastropods and Trilobites Critical in the Correlation of Lower Ordovician 
Rocks,” by Josiah Bridge and P. E. Cloud, Jr., Amer. Jour. Sci., Vol. 245, No. 9 (Septem- 
ber, 1947), PP. 545-59; 1 fig., 2 pls. 

*“Value of Production and Engineering Data for Determination of Reserves,” by C. 
H. Keplinger. Independent Monthly, Vol. 18, No. 5 (Tulsa, September, 1947), pp. 39, 64, 65; 
2 figs. 


GEORGIA 
“Geologic Map of the Tertiary and Quaternary Formations of Georgia,” by F. Stearns 
MacNeil. U. S. Geol. Survey Prelim. Map 72, Oil and Gas Inves. Ser. (September, 1947). 
Sheet, 3648 inches. Scale, 1 inch equals 8 miles. May be purchased from Director, 
Geological Survey, Washington 25, D. C. Price, $0.40. 


HOLLAND 


*“Outline of the Tectonic History of the South Limburg Coal Field,” by J. E. Muller. 
Geologie en Mijnbouw, Vol. 9, New Ser., No. 6-7 (Leiden, June-July, 1947), pp. 134-42; 
1 time-stratigraphic chart, 2 groups of stratigraphic-structure sections, 1 folded map in 
colors (isometric block diagram). 


KANSAS 
*“Geology and Ground-Water Resources of Scott County, Kansas,’’ by Herbert A. 
Waite. Kansas Geol. Survey Bull. 66 (Lawrence, July, 1947). 216 pp., 16 pls., 16 figs. 


LOUISIANA 


*“Delhi—Biggest Stratigraphic Trap since East Texas,” by George Weber. Oil and 
Gas Jour., Vol. 46, No. 6 (Tulsa, June 14, 1947), pp. 108-126; 3 photographs, 2 tables, 
3 figs. 
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MISSISSIPPI 


*“Ttawamba County Mineral Resources,” by Franklin Earl Vestal and Harry J. 
Knollman. Mississippi Geol. Survey Bull. 64 (University, 1947). 151 pp., 16 figs., 2 pls. 


NEWFOUNDLAND 


*“A New Cambrian Fauna from Western Newfoundland,” by J. C. Troelsen. Amer. 
Jour. Sci., Vol. 245, No. 9 (September, 1947), pp. 537-44; 1 fig., 1 pl. 


NEW YORK 
*Possibilities for Oil and Gas in New York,” by E. T. Heck. Petrol. Eng., Vol. 18, 
No. 12 (Dallas, Texas, August, 1947), pp. 163-72; 6 figs. 
*“Seeking Arctic Oil,” by C. O. Willson. Oil and Gas Jour., Voi. 46, No. 16 (Tulsa, 
Oklahoma, August 23, 1947), pp. 78-81, 125, 128-31; ro illus. 


OHIO 


*“Black Hand Sandstone and Conglomerate in Ohio,” by Karl Ver Steeg. Bull. Geol. 
Soc. America, Vol. 58, No. 8 (New York, August, 1947), pp. 703-28; 5 figs., 1 pl., 1 table. 


OHIO AND WEST VIRGINIA 


‘Map of the First and Second Berea Sands of Southeastern Ohio and Western West 
Virginia,” by J. F. Pepper et al. U. S. Geol. Survey Prelim. Map 79, Oil and Gas Inves. 
Ser. (September, 1947). Revision of Prelim. Maps 5 and 9g. Sheet, 41 X56 inches. Scale, 
1 inch equals 3 miles. Obtainable from Director, U. S. Geol. Survey, Washington 25, D.C. 
Price, $0.60. 


OKLAHOMA 
*“World’s Deepest Well,” by J. E. Kastrop and William P. Sterne. World Oil, Vol. 127, 
No. 2 (Houston, September 8, 1947), pp. 26-35; 19 photographs, 3 figs., 1 chart. 
*“Anadarko Basin: Geology and Oil Possibilities,” by Robert R. Wheeler. World Oil, 
Vol. 127, No. 4 (Houston, September 22, 1947), pp. 38-42; 1 fig. 


PENNSYLVANIA 


*“The Coryville Oil Pool, McKean County, Pennsylvania,’ by Richard W. Harding. 
Producers Monthly, Voll. 11, No. 10 (Bradford, August, 1947), pp. 26-31; 3 figs. 


ROCKY MOUNTAINS 


*“Photogeology Speeds Up Rocky Mountain Oil Exploration,” by L. Brundall. Oil 
Reporter, Vol. 4, No. 15 (Denver, Colorado, September 23, 1947), pp. 8, 9, 31, 32; 4 photo- 
graphs, 1 map. 

TEXAS 


*“Unusual Geology, with Multiplicity of Pay Zones, Features South Haldeman Field,” 
by Charles J. Deegan. Oil and Gas Jour., Vol. 46, No. 16 (Tulsa, Oklahoma, August 23, 
1947), PP. 91-94; 4 figs. 

“‘New Upper Cretaceous Fossils from Mississippi and Texas, Part 1, Fossils from Two 
Deep Wells in Mississippi; Part 2, A Venericardia from Uvalde County, Texas,” by L. W. 
Stephenson. U.S. Geol. Survey Prof. Paper 210-E (July, 1947), pp. 161-96, Pls. 31-33. Sold 
by Supt. Documents, Govt. Printing Office, Washington 25, D. C. Price, $0.30. 


1898 REVIEWS AND NEW PUBLICATIONS 


*Composite Study Group Papers, Texas Gulf Coast, by Houston Geological Society. 
Reports of 3 study groups. “Well Logging on the Gulf Coast, Year 1946,”’ by Study 
Group I, Perry Olcott, chairman, pp. 2-30; 14 reports. “Valuation of Petroleum Prop- 
erties,” by Study Group II, John D. Todd, group leader, pp. 31-131 (bibliographies, pp. 
80-131). “Structural and Stratigraphic Distribution of Coastal Reservoirs,” by Study | 
Group III, A. L. Selig, group leader, pp. 132-35; map in pocket. Obtainable from Hershal 
C. Ferguson, secretary, Houston Geological Society, 1208 Esperson Building, Houston, 
Texas. Price, $2.50. 

TURKEY 


*“A Tentative Classification of the Main Structural Units of the Anatolian Orogenic 
Belt,” by S. W. Tromp. Jour. Geol., Vol. 55, No. 4 (Chicago, July, 1947), pp. 362-77; 
1 fig., 5 tables. 

U.S. 5, 

*“Principal Structural Elements and Possible Oil and Gas Resources of Southern 
Border of European Part of U.S. S.R.,” by I. O. Brod. Oil and Gas Jour., Vol. 46, No. 21 
(Tulsa, September 27, 1947), pp. 62-63; 1 map. 


UTAH 

“Late Paleozoic Rocks Exposed in the Duchesne River Area, Duchesne County. 
Utah,” by J. W. Huddle and F. T. McCann. U. S. Geol. Survey Cir. 16 (July, 1947). 
20 leaves, 2 illus. Mimeographed. Free on application to Director, Geological Survey, 
Washington 25, D. C. 

“Geologic Map of Duchesne River Area, Wasatch and Duchesne Counties, Utah,” by 
John W. Huddle and Franklin T. McCann. U. S. Geol. Survey Prelim. Map 75, Oil and Gas 
Inves. Ser. (September, 1947). Sheet, 2055 inches. Scale, 1 inch equals 1 mile. May be 
purchased from Director, Geological Survey, Washington 25, D. C. Price, $0.60. 


VENEZUELA 
*“Elements of Diastrophic History of Northeastern Venezuela,” by Clemente Gon- 
zales de Juana. Bull. Geol. Soc. America, Vol. 58, No. 8 (New York, August, 1947), pp. 689- 
702; 1 fig., 1 table. 
VIRGINIA 
*Virginia Field Confirms Fenster Production,” by Ben H. Pease. World Oil, Vol. 127, 
No. 2 (Houston, September 8, 1947), pp. 50-51; 2 figs. 


WASHINGTON 

*“Qil and Gas Exploration in Washington,” by Sheldon L. Glover. Washington Div. 
Mines and Geology Inf. Cir. 15 (Olympia, August 30, 1947). 49 mimeog. pp., 8.5 X10.75 
inches, 3 figs. 

WEST VIRGINIA 

*“Composition and Properties of Petroleum in West Virginia,” by A. J. W. Headlee, 
R. E. McClelland, and H. A. Hoskins. West Virginia Geol. and Econ. Survey Rept. Inves. 3 
(Morgantown, 1947). 23 pp., 4 illus. 


WYOMING 
*“Geology of Bentonite Deposits near Casper, Natrona County, Wyoming,” by 
Gabriel Dengo. Wyoming Geol. Survey Bull. 37 (Laramie, December, 1946). 28 pp., 5 figs., 
3 pls. (folded geological maps), 5 tables. Price, $0.50. 


REVIEWS AND NEW PUBLICATIONS 1899 


*“Shallow Sand Traps in Wyoming,” by Henry Carter Rea. Independent Monthly, 
Vol. 18, No. 5 (Tulsa, September, 1947), pp. 33-35, 55, 58, 59, 62; 3 figs. 

Index to Geologic Mapping in the United States, No. 1 (Wyoming), compiled by Leona 
Boardman. U. S. Geol. Survey (August, 1947). Sheet, 28 X43 inches. Scale, 1 inch equals 
nearly 12 miles. Sold by Director, Geological Survey, Washington 25, D. C. Price, $0.50. 


WYOMING AND MONTANA 


*Field Conference in the Big Horn Basin, Guidebook, August 5-8, 1947, by University 
of Wyoming, Wyoming Geological Association, and Yellowstone-Bighorn Research As- 
sociation. 277 pp.; pls., figs., and maps in pocket. Limited edition. Wyoming Geological 
Association, Box 545, Casper, Wyoming. Price, $4.00. 


DIVISION OF PALEONTOLOGY AND MINERALOGY 


* Journal of Paleontology (Tulsa, Oklahoma), Vol. 21, No. 5 (September, 1947) 

“Ordovician Cephalopods from the West-Central Shore of Hudson Bay,” by A. K. 
Miller and Walter Youngquist 

“Early Ordovician Cephalopods from Adams field, Tasmania,’”’ by Curt Teichert 

“New Ordovician Nautiloids from New York,” by Rousseau H. Flower 

“Cambrian Bryozoa,” by Madeleine A. Fritz 

“A Revision of the Brachiopoda of the Lower Devonian Strata of Reefton, New 
Zealand,” by Robin S. Allan 

“An Upper Devonian Brachiopod Fauna from Northwestern Montana,” by Wilson M. 
Laird 

“Two New Genera of Paleozoic Gastropoda,” by L. A. Nelson 
“Invertebrate Tracks from the Coconino Sandstone of Northern Arizona,” by L. F. 
Brady 

“A New Jurassic Stomechinus from the Big Horn Basin, Wyoming,” by C. Wythe 
Cooke 

“Nautilus blakei, a New Oligocene Mollusk from Palestine,” by M. Avnimelech 

““A Continental Tertiary Time Chart,” by George Gaylord Simpson 

“The Molluscan Genera of Bruguiére,’”’ by Henry Dodge 
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ASSOCIATION ROUND TABLE 


ASSOCIATION COMMITTEES 
EXECUTIVE COMMITTEE 


Carrot E. Dossin, chairman, United States Geological Survey, Denver, Colorado 
J. V. HowE 1, secretary, Consultant, Tulsa, Oklahoma 

Eart B. Noste, Union Oil Company of California, Los Angeles, California 
GeorcGE S. BucHANAN, Sohio Petroleum Corporation, Houston, Texas 

CLARENCE L. Moony, The Ohio Oil Company, Shreveport, Louisiana 


REPRESENTATIVE ON DIVISION OF GEOLOGY AND GEOGRAPHY 
NATIONAL RESEARCH COUNCIL: Pamur B. Kine (1949) 


REPRESENTATIVES ON COUNCIL OF AMERICAN ASSOCIATION 
FOR THE ADVANCEMENT OF SCIENCE 


W. Taytor Jr. Rosert J. Riccs 
COMMISSIONERS ON AMERICAN COMMISSION ON 
STRATIGRAPHIC NOMENCLATURE 
M. G. CHENEY (1947), chairman Joun G. Bartram (1948) Wayne V. JONES (1949) 


STANDING COMMITTEES 
FINANCE COMMITTEE 
JosEepx E. Pocue (1948), chairman Joun S. Ivy (1949) E. O. MARKHAM (1950) 


TRUSTEES OF REVOLVING PUBLICATION FUND 
W. B. Witson (1948), chairman B. Heroy (1949) Haroip W. Hoots (1950) 


TRUSTEES OF RESEARCH FUND 
T. S. Harrison (1948), chairman RosErt W. CrarK (1949) Roy R. Morse (1950) 


BUSINESS COMMITTEE 


Tueopore A. LinK (1948), chairman, Imperial Oil, Ltd., Toronto, Ontario, Canada 
BEN H. Parker (1948), co-chairman, Colorado School of Mines, Golden, Colorado 


C. I. ALEXANDER (1949) STANLEY G. ELDER (1948) F. H. McGuican (1949) 
WarrEN D. ANDERSON (1948) FENTON H. FInn (1949) E. Froyp MILER (1949) 
Frank W. BELL (1948) W. Dow Hamm (1948) CLARENCE L. Moopy (1948) 
Gorpon R. BELL (1949) Hotus D. HEDBERG (1949) Ear B. NoBLe (1948) 
Outn G. BELL ( 1948) FrepeErick G. (1949) EuisHa A. PascHAL (1948) 
ALBERT F. BARRETT (1949) J. W. Hoover (1949) J. M. PatTErson (1949) 

B. W. BLANPIED (1949) . V. HowE 1 (1948) E. E. Rehn (1949) 

REvEL L. Boss (1949) . S. W. KEw (1949) J. T. Rrcarps (1949) 

Ira A. BRINKERHOFF (1948) Rosert L. Kipp (1948) J. J. Russet, Jr. (1948) 
GrorcE S. BucHANAN (1948) G. M. KNEBEL (1948) LowE tt W. SAUNDERS (1949) 
H. E. CurisTENSEN (1948) RosErtT N. Kom (1948) Harry C. Spoor, JR. (1949) 
Cartes K. Crark (1949) H. G. Kuc er (1948 HEnryk B. STENZEL (1948) 
Frank R. Ciark (1948) Cwartes L. LAKE (1949) D. E. Taytor (1948) 
GEorcE H. Coates (1949) E. (1948) Henry N. TOLER (1949) 

C. S. CorBett (1949) Lynn K. LEE (1949) C. W. Tomirnson (1948) 
Car.E H. DANE (1948) SuHIRLEY L. Mason (1948) James A. WATERS (1948) 
Carrot E. Dossin (1949) O. G. McCrarn (1949) Sam H. Woops (1949) 


1900 


_ 
| 
| 
| 
| 


ASSOCIATION ROUND TABLE 


COMMITTEE FOR PUBLICATION 


Lynn K. LEE (1948), chairman, Pure Oil Company, Fort Worth, Texas 


1948 
Joun E. GALLEY 
W. S. HorrMEISTER 
J. M. Krrsy 
E. RussEtt Ltoyp 
Homer A. NosBLE 
Tuomas F. Strep 
C. W. Witson, Jr. 


1949 
Joun G. Gray 
GEORGE C. Grow 
BENJAMIN F. HAKE 
Mason L. 
GrorcE S. HuME 
James A. Moore 


ROBERT B. NEWCOMBE 


E. A. WENDLANDT 


RESEARCH COMMITTEE 


1950 
LAURENCE C. Hay 
Horus D. HEDBERG 
G. L. MEHOLIN 
E. FLtoyp MILLER 


VincENT C. PERINT, JR. 


Paut H. Pricr 
E. E. REHN 

J. K. Rocers 
K. K. SPOONER 


SHEPARD W. LowMaNn (1948), chairman, Shell Oil Company, Houston, Texas 


1948 
Ronap K. DEForD 
Marcus A. HANNA 
MARSHALL Kay 
B. Kinc 
A. I. LEvorRsEN 


1949 
L. C. CAsE 
ParKE A. DiIcKEY 
K. C. HEALD 
C. 
W. C. KrRuMBEIN 


1950 
ROLAND F, BEERS 
G. C. GESTER 
Joun T. LONSDALE 
C. V. MILLIKAN 
L. L. NETTLETON 


W. W. RuBEy J. RicGs Paut H. Price 
W. T. THom, Jr. F. M. Van Tuy Joun T. Rouse 
L. G. WEEKS W. A. WALDSCHMIDT W. H. TWENHOFEL 


Oscar G. WILHELM CraupE E. ZoBELL 


GEOLOGIC NAMES AND CORRELATIONS COMMITTEE 
Henry J. Morean, JR. (1948), chairman, Atlantic Oil and Refining Company, Dallas, Texas 
1948 1949 1950 

Joun G. BARTRAM A. E. BRAINERD Horace G. Ricnarps Stuart K. CLark 
RoseErt H. Dott Eckis GayLE Scorr Roy T. HazzarD 
E. FLovp MILLER Ross L. HEATON G. D. Tomas W. J. HitsEweEck 
D. MIsER J. H. C. Martens H. D. Tomas P. H. JENNINGS 
RaymonD C. MoorE Tom McGLorain Rosert O, VERNON Wayne V. Jones 


GROVER E. MurRAY L. E. WoRKMAN W. ARMSTRONG PRICE 
H. A. TourTELOT 


SUB-COMMITTEE ON CENOZOIC 
GROVER E. Murray (1949), chairman, Magnolia Petroleum Company, Jackson, Mississippi 
Rosert O. VERNON (Atlantic Coast) Tom McG orutin (Eastern Gulf Coast) 
Ecxts (Pacific Coast) H. JENnrincs (Western Gulf Coast) 
Harry A. TourTELot (Rocky Mts. and Great Plains) 
SUB-COMMITTEE ON MESOZOIC 
G. D. Tuomas (1949), chairman, Shell Oil Company, Inc., Shreveport, Louisiana 

R. T. Hazzarp (Gulf Coast) Horace G. Ricwarps (Atlantic Coast) 

Ross L. HEATON (Rocky Mts. and Great Plains) 
SUB-COMMITTEE ON PALEOZOIC 

Rosert H. Dorr (1948), chairman, Oklahoma Geological Survey, Norman, Oklahoma 


H. D. THomas (Rocky Mts. and Great Plains) W. J. HitseweEcx (Southwestern U. S. A.) 
Stuart K. Ciarxk (Mid-Continent) J. H. C. Martens (Appalachian Region) 
L. E. Workman (Eastern Interior) 


ADVISORY AND SPECIAL PROJECTS SUB-COMMITTEE 
Joun G. BartRAM (1948), chairman, Stanolind Oil and Gas Company, Tulsa, Oklahoma 


ARTHUR E. BRAINERD E. FLoyp MILLER Raymonp C, Moore 
Wayne Jones Hucs D. MIsErR W. ARMSTRONG PRICE 
GayLeE Scott 
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COMMITTEE ON APPLICATIONS OF GEOLOGY 
KENNETH K. LANDES (1948), chairman, University of Michigan, Ann Arbor, Michigan 


1948 1949 1950 
RosBErt I. DicKEy E. M. BAaysINcER Don L. CARROLL 
Es R, FETTKE CHARLES J. DEEGAN STANLEY G. ELDER 
P, JENKINS L. B. HERRING LEo R. FortIER 
A. RosE R. A. STEBR Tuomas A, HENDRICKS 


W. T. NIGHTINGALE 
W. T. SCHNEIDER 


MEDAL AWARD COMMITTEE 
Carro.t E. Dossin, chairman, U. S. Geological Survey, Denver, Colorado 


James A. WATERS, ex officio, president of S.E.P.M 
Crcit H. GREEN, ex officio, president of S.E.G. 


1948 1949 1950 
A. RopcER DENISON S. McFARLAND FRANK R. CLARK 
Vircit B. CoLe RayMOND F, BAKER ALFRED H. BELL 
J. Epmunp Eaton C. R. McCoLiomM A. E. BRAINERD 


COMMITTEE ON STATISTICS OF EXPLORATORY DRILLING 


F. H. LAwEE (1950), chairman, Sun Oil Company, Box 2880, Dallas, Texas 
PauL WEAVER (1948), vice-chairman, Gulf Oil Corporation, Box 2100, Houston, Texas 


1948 1949 1950 
KENNETH COTTINGHAM STANLEY G. ELDER A. H. BEti 
E. CoteMAN D. HuNTER S. A. BERTHIAUME 
FENTON H. Finn RoBeErt C. LAFFERTY, JR. G. P. CRAWFORD 
Joun W. INKSTER D. J. MUNROE R. J. CULLEN 
GraHam B. Moopy T. F. Petry W. S. McCasE 
Cares H. Row GLENN C. SLEIGHT E. L. REED, JR 

Paut H. Umpacu R. M. W1Lson 
C. W. Witson 


DISTINGUISHED LECTURE COMMITTEE 


Frep H. Moore (1949), chairman, Magnolia Petroleum Company, Roswell, New Mexico 


1948 1949 1950 
EVERETT STRATTON R. BRANKSTONE W. J. HitsEwEcK 
Carrot M. WAGNER Joun L. FERGUSON H. T. Mortey 


SPECIAL COMMITTEES 
COMMITTEE ON BOY SCOUTS LITERATURE 


FRANK Gouln, chairman, Box 208, Duncan, Oklahoma 


A. C. BAcE Don L. CARROLL G. W. PrrtLe 

Max W. BALL C. L. Cooper W. T. THom, Jr. 

Hat P. ByBEE CareEy CRONEIS M. TRIPP 
E. C. DApPLEs 


EDUCATION COMMITTEE 
Roy R. Morse, chairman, Shell Oil Company, Box 2099, Houston, Texas 


Stuart K. CLarkK RonaLpD K. DEForp THERON WASSON 
Morcan J. Davis Henry V. 


—— 
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MEMBERSHIP APPLICATIONS APPROVED FOR PUBLICATION 


The executive committee has approved for publication the names of the following 
candidates for membership in the Association. This does not consistute an election but 
places the names before the membership at large. If any member has information bearing 
on the qualifications of these nominees, he should send it promptly to the Executive 
Committee, Box 979, Tulsa 1, Oklahoma. (Names of sponsors are placed beneath the name 
of each nominee.) 

FOR ACTIVE MEMBERSHIP 


Roger Crane Baker, Fayetteville, Ark. 

J. Norman Payne, V. T. Stringfield, A. Nelson Sayre 
Lytton Francis Ivanhoe, Caracas, Venezuela, S.A. 

Thomas C. Wilson, Donald W. Gravell, Robert H. Robie 
Theodore G. Larson, Trinidad, Colo. 

Arthur R. Erickson, D. E, Lounsbery, A. J. Hintze 
Duncan McConnell, Pittsburgh, Pa. 

Paul Weaver, Ben B. Cox, H. B. Stenzel 
Riley Seymour Smith, Jr., Tulsa, Okla. 

A. N. Murray, L. A. Scholl, Jr., J. N. Troxell 


FOR ASSOCIATE MEMBERSHIP 


Gerald Joseph Kathol, Wichita, Kan. 
James D. Morris, E. P. Philbrick, E. F. Schramm 


ROCK-COLOR CHART FOR FIELD GEOLOGISTS! 


RONALD K. DEFORD 
Midland, Texas 


For more than a year an inter-society committee? has been endeavoring to design a 
rock-color chart suitable for field use. About 20 copies of a preliminary draft of the chart 
have been prepared. Any and all criticisms of this draft are earnesily solicited, but to be 
effective they must be submitted to chairman E. N. Goddard within the next several 
weeks. The nearest available copy of the preliminary draft can be located by inquiry 
addressed to any of the committee members here listed. 

E. N. Goddard, U. S. Geological Survey, Washington 25, D. C. 

(Chairman; representing U. S. Geological Survey) 

Olaf N. Rove, Annondale Rd., R.F.D. 1, Falls Church, Va. 

(representing Society of Economic Geologists) 

Parker D. Trask, U. S. Geological Survey, Washington 25, D. C. 

(representing Geological Society of America) 

Joseph T. Singewald and R. M. Overbeck, Johns Hopkins University, Baltimore 18, 
Maryland 
(representing Association of American State Geologists) 
Ronald K. DeFord, Box 1814, Midland, Texas 
(representing American Association of Petroleum Geologists) 


1 Argo Oil Corporation. Manuscript received, September 26, 1947. 
2 Bull. Amer. Assoc. Petrol. Geol., Vol. 30, No. 12 (December, 1946), pp. 2091-92. 
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PACIFIC SECTION ANNUAL MEETING 
PASADENA, NOVEMBER 6-7, 1947 


The annual joint fall meeting of the Pacific Section of the American Association of 
Petroleum Geologists, the Pacific Coast District of the Society of Economic Paleontolo- 
gists and Mineralogists, and the Pacific Section of the Society of Exploration Geophysicists 
will be held at the Huntington Hotel, Pasadena, on November 6 and 7. The program will 
include a variety of interesting subjects related to petroleum geology and the ever increas- 
ing search for additional oil reserves. According to James C. KimBLeE and Rosert T. 
WHITE, program committee chairman and sub-chairman, respectively, an excellent pro- 
gram for the Pacific Section of the A.A.P.G. has been arranged. 

The general chairman for arrangements is HARVEY W. LEE, who will be assisted by 
A. GREENWALT, D. LEwis, and Jim J. R. “Britt” 
BERTON is finance committee chairman, and Mitton W. LEwis is in charge of publicity. 

The meeting will close with the annual formal dinner dance on Friday evening, 
November 7, 1947. 


SOUTH TEXAS REGIONAL MEETING 
SAN ANTONIO, NOVEMBER 5-6, 1947 


A regional meeting of the American Association of Petroleum Geologists, which will 
be sponsored by the South Texas Section, will be held in San Antonio, Texas, on November 
5 and 6, 1947, with the Plaza Hotel as headquarters. 

Morning and afternoon technical sessions will be held on Wednesday, November 5, 
and Thursday, November 6. These technical sessions will be devoted to the presentation 
of papers on outstanding oil fields, stratigraphic features, and the future possibilities of 
the Southwest Texas region. Field trips are tentatively being planned for Friday, Novem- 
ber 7, and Saturday, November 8, after the technical sessions are completed. 

The Plaza Hotel can not accommodate the entire attendance anticipated but transfers 
of reservations to the Gunter and other San Antonio hotels will be arranged. THORNTON 
Davis in the Alamo National Bank Building in San Antonio is chairman of the hotel 
committee and all requests for reservations should be addressed to him. Further notice 
will be sent to members of the A.A.P.G. in regard to the program of the meeting, field 
trips, and the method of making hotel reservations. Ropert N. Kom, Atlantic Refining 
Company, 1742 Milam Building, San Antonio, is chairman of arrangements. 


EASTERN INTERIOR REGIONAL MEETING 
ST. LOUIS, JANUARY 14-15, 1948 


The Eastern Interior regional meeting of the Association will be held at the Jefferson 
Hotel, St. Louis, Missouri, on January 14 and 15, 1948. It is sponsored by the Illinois 
Geological Society and the Indiana-Kentucky Geological Society. The technical program 
will place emphasis on the regional features between the Ozarks and the Appalachians. 
It is intended to include papers on oil fields, interpretation of electrical logs, geophysical 
problems and geological aspects of water flooding. No fields are being planned. A smoker 
and semi-formal dinner-dance feature the entertainment. E. E. REHN, Sohio Petroleum 
Company, Box 537, Mt. Vernon, Illinois, is general chairman, and STANLEY G. ELDER, 
Sun Oil Company, Evansville, Indiana, is chairman of the technical program committee. 
Members will be advised about the proper method to make hotel reservations. The fol- 
lowing chairmen have been appointed. 

GENERAL COMMITTEE 
E. E. REHN, chairman 


PROGRAM: STANLEY G. ELDER ENTERTAINMENT: C, E. BREHM 
TECHNICAL: CARL Bays FINANCE: CHARLES A. Dox 
REGISTRATION: T. E. WALL Exursits: Git RAAscH 
Pusiicity: GENE GADDESS RECEPTION: HARRY H. NOWLAN 


Horets: THEODORE G. GLASS 
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MEMORIAL 


PAUL HEATH BOOTS 
(1909-1947) 
Paul Heath Boots, assistant general manager of the Colombian Gulf Oil Company, 


with headquarters at Bogota, was killed when a DC-3 crashed in the Magdalena Valley on 
January 22, 1947. A promising career was brought to a sudden and untimely end. 


Paut HEATH Boots 
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Boots was born in Hanover, Illinois, in 1909 and was, therefore, only 37 years old. In 
1930, he was graduated from the University of Wisconsin, where he majored in physics. 
He was employed by the geophysics division of Gulf Research and Development Com- 
pany in 1932. 

Boots served his apprenticeship in geophysical field operations ” California, Mexico, 
and Venezuela during the years 1933 to 1935. 

In October, 1935, he married Jessie Loomans, a fellow student at the University of 
Wisconsin. She accompanied him on subsequent supervisory assignments in Kuwait, Eng- 
land, and Venezuela. After several years on the headquarters staff of Gulf Research and 
Development Company at Pittsburgh, Boots became, on May 1, 1944, assistant general 
manager of the Colombian Gulf Oil Company. In this position he had the opportunity to 
bring to bear his broad and diversified experience and his innate sense of getting down to 
brass tacks. Unfortunately he did not live to see his efforts bear fruit. 

Boots had an alert and penetrating mind, a jovial disposition and a facility for seeing 
in perspective the problems confronting him. His passing is a great loss to his profession 
and his many friends as well as to his family. 

Boots was a member of the American Association of Petroleum Geologists, Society of 
Explorations Geophysicists, American Geophysical Union, and American Physical So- 
ciety. 

E. A. ECKHARDT 
Pittsburgh, Pennsylvania 
July 17, 1947 


SAMUEL HENRY HOUSTON 
(1905-1947) 

The death of Samuel Henry Houston on April 19, 1947, in Houston, Texas, after a brief 
illness, brought to an end an outstanding career, and was a severe shock to his many friends 
and associates. 

Sam was born in New Orleans, Louisiana, August 30, 1905, the son of the late Samuel 
Henry Houston and Jane Lothrop Houston. He attended the public schools of New 
Orleans and was graduated from Warren Easton High School (Boys’ High) in June, 1922. 
At an early age, like so many other American boys, he became a member of the Boy 
Scouts. He devoted much of his time to this organization, and eventually attained its 
highest honor, the badge of the Eagle Scout. Possibly this interest in nature and the out- 
of-doors had a great influence upon him in later choosing his profession. 

After finishing high school, Sam was undecided as to what was to be his life’s work; 
or, maybe it was his spirit of adventure which caused him to ship out to sea on a tramp 
freighter, a voyage of many months, which took him to Germany and other North Euro- 
pean countries. Upon his return to New Orleans he took a job with a lumber company and 
later became Assistant Boy Scout Executive. He played football on one of the amateur 
teams where his ability as a player was noticed by friends of Louisiana State University 
who persuaded Sam to enter the University in September, 1926. 

It was at the University where Sam found himself. He enrolled in the School of Geology 
and immediately impressed himself on members of the faculty. Under the friendly guid- 
ance of Henry V. Howe, director of the School of Geology, Sam became a brilliant student. 
His interest, however, embraced a variety of extra-curricular activities other than football. 
Sam was elected president of his Sophomore, Junior, and Senior classes. He was a member 
of Sigma Alpha Epsilon fraternity, Scabbard and Blade, Mu Sigma Rho, a local honorary 
scholastic fraternity, Geological and Mining Societies of American Universities, and sev- 
eral inter-fraternities. During his Senior year he was Major of the 1st Battalion (Infantry 
—R. O. T. C.) and at the same time, Company Commander of Company C. He was 
graduated from the University in June, 1930, with highest honors, and received the degree 
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SAMUEL Henry Houston 


of Bachelor of Science in geology. At the same timg he was commissioned Second Lieu- 
tenant, United States Army Reserve. 

Sam was assured of a job with the Humble Oil and Refining Company before receiving 
his degree, but a necessary surgical operation delayed his reporting for work until the 
following September. He was sent by the Humble to the San Antonio division where he 
began his professional career. His first work had to do with plug-back and work-over jobs 
in the Salt Flat field, Caldwell County, Texas. Later he was sent into the field with ex- 
perienced geologists to map surface geology, and after acquiring confidence in himself, he 
became a very capable field geologist. Sam conducted extensive field work in Southwest 
Texas, which was of considerable value in long-range correlations. 

In 1933 he was transferred to the Humble’s Gulf Coast division, which, at that time, 
had jurisdiction over work in the Gulf Coast area of Texas, southern Louisiana, and 
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Mississippi. Here he did field work in the difficult younger formations of the Gulf Coastal 
Plain. He demonstrated the fact that low-relief structures and minor faulting could be 
mapped successfully in this area. For example, he recognized the abnormal geologic con- 
ditions in the Lovell Lake area, Jefferson County, Texas. The mapping of this Lissie inlier 
in 1934 revived interest in this old gravity prospect and led to detailed reflection seismic 
work which proved that a structure did exist. Subsequent drilling resulted in the discovery 
of the prolific Lovell Lake oil field. 

Sam spent his entire professional career with the Humble. He did field work in all areas 
where the Humble operates, from Uvalde, Texas, on the west, to the Peninsula of Florida 
(excluding the East Texas basin area), and his reports occupy considerable space in the 
Humble’s files. During these more than 16 years he changed his place of residence sixteen 
times and lived in thirteen different towns and cities. At the time of his death he was work- 
ing out of Brenham, Texas. 

Early in World War II, Sam attempted to have his expired commission reinstated. 
Failing this and other attempts to join the armed services, he secured extended leave from 
the Humble and volunteered for work as a geologist on the Army’s Canol Project in 
northwestern Canada. He spent a year and a half in this sub-Arctic land, and was made 
geologist in charge before returning home. 

Because of the competitive nature of Sam’s work, none of it has been published, with 
the exception of a paper entitled “Fossil Footprints in Comanchean Limestone Beds, 
Bandera County, Texas,”’ which appeared in the Journal of Geology, Vol. XLI, Number 6. 

He became a member of the Association in 1931. 

Sam Houston was endowed with a winning personality, a grand sense of humor, and an 
innate love for his fellow-man. As a result of these fine characteristics he had an unusually 
large number of friends. He was generous beyond the accepted meaning of the word— 
generous with his purse and generous with his time. Nothing pleased him more than to 
have the Humble send its young geologists to him for their initial training. It is regret- 
table that the life of such a fine character and the career of such an outstanding geologist 
should be so abruptly terminated in the very prime of life. 

Sam was married December 5, 1933, to his sweetheart of University days, Edith Purdy 
of Lake Providence, Louisiana, who survives him, together with his sister, Mrs. Walter 
F, Craddock of New Orleans. Burial was in Lake Providence. 

Emmett P. Tatum 


Houston, Texas, 
August 4, 1947 
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CURRENT NEWS AND PERSONAL ITEMS OF THE PROFESSION 


GLENN G. BartLE, Triple Cities College, Syracuse University, Endicott, New York, 
and WALTER B. Witson, Gulf Oil Corporation, Tulsa, Oklahoma, have been appointed 
by president CARROLL E. Dossin as delegates of the Association to the 18th Session of the 
International Geological Congress to be held in London, August 25 to September 1, 1948. 


Ira H. Cram, Pure Oil Company, Chicago, Illinois, and Witt1aM B. HEROoy, of Beers 
and Heroy, Dallas, Texas, have been appointed by president Dobbin as directors repre- 
senting the Association in the proposed American Geological Institute. 


Joun R. REEVEs, general superintendent of the Republic Light, Heat and Power 
Company, has been elected vice-president, at Buffalo, New York. 


Pau NETTERSTROM, formerly with the Ohio Oil Company, is now Rocky Mountain 
geologist with the Barnsdall Oil Company at Casper, Wyoming. 


Ropman K. Cross, who recently entered consulting work, has opened an office at 
2875 Cherry Avenue, Long Beach 6, California. Cross was formerly district geologist of 
the Los Angeles basin for the Richfield Oil Corporation and more recently with the Han- 
cock Oil Company of California. 


WALLACE W. WItson has resigned from the California Research Corporation to accept 
a position as assistant professor of petroleum engineering at the University of Texas, at 
Austin. 


ARTHUR W. Nauss, of the International Petroleum Company, Lima, Peru, has moved 
to the Tropic Oil Company at Bogota, Colombia. 


The Second International Conference on Soil Mechanics and Foundation Engineering 
is scheduled to be held at Rotterdam, Holland, during the week of June 21, 1948. KARL 
TERZAGHI of Harvard University is president and T. K. Huizinca of Delft, Holland, is 
secretary. P. C. RUTLEDGE of Northwectern University is chairman of the national com- 
mittee representing the United States. Epwin B. EcKEL represents the United States Geo- 
logical Survey. Geologists are invited to submit papers in the scope of the conference. For 
papers to be published before the conference, the deadline for receipt of manuscripts is 
December 15, 1947. Further information may be obtained from Epwin B. EcKEL, chief, 
Section of Engineering Geology, United States Geological Survey, Box 2858, Lakewood 
Branch, Denver 15, Colorado, or from Howarp P. HALt, secretary, United States Na- 
tional Committee on Soil Mechanics, Northwestern University, Evanston, Illinois. 


FrepErIc F. MELLEN has opened consulting geological offices at 1133 West Capitol 
Street, Jackson, Mississippi. He may be addressed at Box 2584, West Jackson Station, 
Jackson, Mississippi. 

E. T. Monsour has opened geological offices at 112} East Capitol Street, Jackson, 
Mississippi. He may be addressed at Box 2571, West Jackson Station, Jackson, Missis- 
sippi. 

ALFRED R. LOEBLICH, JR., associate curator of invertebrate paleontology and paleo- 
botany at the United States National Museum, has been in the field for 2} months, en- 
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gaged in paleontological study of the Ordovician and Silurian of Tennessee. He will return 
to Washington, D. C., about November 15. 


J. F. RommnceR, recently with the United States Geological Survey in Utah, may be 
addressed in care of the geology department at Northwestern University, Evanston, 
Illinois. 


Davin Nicot, of Fort Worth, Texas, is in the department of geology at the University 
of Houston, Texas. 


Ewart M. BAtpwyin is leaving his position of geologist for the Oregon State Depart- 
ment of Geology and Mineral Industries to accept a position as assistant professor of 
geology at the University of Oregon, at Eugene. 


G. W. Baxter, lately with the Trinidad Petroleum Development Company, Ltd., in 
the British West Indies, is in the employ of the Burmah Oil Company (Burma Conces- 
siona), Ltd., Chauk, Magwe District, Upper Burma. 


C. F. Passe has resigned from the geological department of the Sohio Petroleum 
Company and has accepted a position as assistant professor of geology at Mississippi 
State College, State College, Mississippi. 


Joun C. CrowELt, lately with the Shell Oil Company, Inc., at Claremont, Californias 
is in the department of geology at the University of California, Los Angeles. 


Joun H. Metvin has been appointed State geologist and chief of the Ohio State Geo- 
logical Survey. He succeeds GEORGE W. WuirTE, who was recently made head of the geol- 
ogy department at the University of Illinois. A former executive of the Pennsylvania 
Drilling Company, Melvin has recently been district geologist with the Corps of Engineers 
at Omaha, Nebraska. 


Lewis C. CrIpER has resigned from the employ of The California Company, New 
Orleans, Louisiana. He has accepted a position in the geological department of the Stano- 
lind Oil and Gas Company at Wichita Falls, Texas. 


Mitton R. ScHOoLt, Jr., has completed field work for his Master of Arts degree at the 
University of Texas, and is in the employ of the Moore Exploration Company, Midland, 
Texas. 


New officers of the Appalachian Geological Society, Charleston, West Virginia, are: 
president, RoBert C. LAFFERTY, consultant, Charleston; vice-president, H. J. Summons, 
Jr., Godfry L. Cabot, Inc., Charleston; secretary-treasurer, ALAN H. McCtrarn, Owens, 
Libbey-Owens Gas Department, Charleston; editor, E. Douctas RoceErs, South Penn 
Natural Gas Company, Parkersburg. 


Ray V. HENNEN, chief geologist for the Hiawatha Oil and Gas Company, has moved 
from Shreveport, Louisiana, to Midland, Texas, to take charge of the company’s office. 


Harry R. Hostetter, core drilling contractor, is situated at 223 North 12th Street, 
Durant, Oklahoma. 


Ernst A. Ritter has left Rio de Janeiro, Brazil, and is in Holland with the address 
NV. de Bataafsche Petroleum Maatschappij, G. A——den Haag, Carel van Bylandt Laan 
30, Holland. 


WILLARD F. BRINKER, recently with the Cities Service Oil Company at Casper, Wyo- 
ming, is in the department of geology, Northwestern University, Evanston, Illinois. 
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WALTER H. HEGWE!N, who has been with the Allied Control Commission in Bucharest, 
Roumania, is back at 30 Carel van Bylandtlaan, B. P. M. Geological Department, the 
Hague, Holland. 


CuHESTER A. Barrp, of the Venezuelan Atlantic Refining Company, Caracas, Vene- 
zuela, has returned to 4220 Winchester Pike, Canal Winchester, Ohio. 


C. E. BurBrincE, JR., has resigned as Mexico City representative of Cia. Minera De 
Penoles, S. A., and Cia. Metalurgica Penoles, S. A., to become a consultant in petroleum 
and mining matters with mailing address, Apt. Postal 686, Mexico, D. F., Mexico. 


H. O. TILLeEvux resigned from the Heiland Exploration Company and joined the 
Southern Production Company at Shreveport, Louisiana, in the capacity of geologist, 
effective July r. 


ALFRED E. Storm, recently with the Geophysical Service, Incorporated, Dallas, Texas, 
is with the Arabian American Oil Company at Dhahran, Saudi Arabia. 


The Geological Forum of the Pacific Coast Section of the Association met at Los 
Angeles, September 153 under the chairmanship of Louis J. Sruon, of The Texas Com- 
pany. The subjects and speakers follows: “Some Remarks about the Geology of Iran,”’ 
by A. K. Dasutt, director general of the Department of Mines of Iran; “Influence of th: 
Public on the Scientist,” by W. N. Lacey, dean of the Graduate School, California 
Institute of Technology, Pasadena; and ‘“‘A Few Notes on the Geology of Oahu, Hawaiian 
Islands,” by Puitrp WALTERS, Continental Oil Company. 


WALTER W. DOERINGSFELD, JR., received the master’s degree in geology at the Uni- 
versity of Michigan in June, 1947, and entered the employ of Geophoto Services, Inc., 
Denver, Colorado. 


KENDALL E. Born, of the geology faculty at the Missouri School of Mines, Rolla, 
Missouri, died in a hospital in St. Louis, September 21, at the age of 39 years. He was 
previously a geologist with the Tennessee Geological Survey at Nashville. 


President C. E. Dossin visited affiliated societies and local groups of the A.A.P.G. in 
Kansas, Oklahoma, Texas, and Louisiana, and Mississippi in September, October, and 
November. He spoke on Association affairs and related subjects. 


The A. I. M. E. Petroleum Division is holding the following meetings: Institute re- 
gional meeting at Denver, September 28 to October 2; Division fall meeting at Tulsa, 
October 8-10; and Division fall meeting at Los Angeles, October 23-24. The Petroleum 
Division now has nearly 3000 members. 


The Shreveport Geological Society opened its fall sessions at the Caddo Hotel, Shreve- 
port, September 22, with a dinner and a moving picture of “Offshore Drilling Operations,” 
presented by JoHN TERRELL, of the Magnolia Petroleum Company. 


Leo R. Fortier is no longer with the Alpine Oil and Royalty Company, Inc. His - 
consulting office is at 708 Fourth National Bank, Wichita, Kansas. 


Joun A. YOuNG, JR., recently in the department of geology at Syracuse University, 
Syracuse, New York, is with the Sun Oil Company at McAllen, Texas. 


The following officers of the Geotechnical Corporation of Delaware, Dallas, Texas, 
were recently elected: president, W. W. NEwrTon, of Dallas; vice-president, J. E. Jett, 
of Houston, Texas, T. R. SHuGART was elected vice-president of the Geotechnical Service 
Corporation. 


——— 
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FRANK B. CoNnsELMAN has resigned his position as district manager for the American 
Trading and Production Corporation, at Abilene, Texas, in order to operate as an inde- 
pendent consulting geologist, in that city. 


THERON Wasson, chief geologist of The Pure Oil Company, Chicago, operating in 
South America as the Orinoco Oil Company, was in Bogota, Colombia, in August and was a 
guest speaker on a University of Bogota radio program over the New Granada network. 
His subject was “Oil Occurs in the Rocks of the Earth; Its Discovery and Development 
are the Work of Geologists.” In September Wasson inspected properties of his company in 
the Maracaibo region of Venezuela. 


Joun P. Buwa pa, professor of geology, retired as chairman of the division of geology, 
California Institute of Technology, on July 1, in order to complete a number of research 
projects in structural geology upon which he has been working for some time. He will con- 
tinue as professor in the division. CHESTER Srock, professor of paleontology, succeeded 
Buwalda as head of the division. 


Members who have not filled and returned the Scientific Manpower questionnaires, 
recently mailed, are requested to send them promptly to Davin ‘M. DE o, chief of the 
Scientific Manpower Branch, Research Group, War Department General Staff, Washing- 
ton 25, D. C., in the envelope which accompanied the questionnaire. 


H. V. W. Donoxoo has left the department of geology at Columbia University, New 
York City. He may be addressed at the School of Mineral Industries, University of Utah, 
Salt Lake City. 


GrorcE M. JENKrnNs, formerly with the Union Oil Company of California, is in the 
employ of the Stanolind Oil and Gas Company, Shreveport, Louisiana. 


James WILLIAM GUINN may be addressed in care of N. V. Standard-Vacuum Petro- 
leum Mij, Soengei Gerong, Palembang, Sumatra, N. I. 


ALFRED GREGERSEN, vice-president and manager of the Danish American Prospecting 
Company, Copenhagen, attended the Petroleum Conference at Hanover, Germany, 
September 9-11. Thirty-seven technical papers composed the program. Approximately 
550 geologists, geophysicists, and others in Germany and a few guests from outside of 
Germany attended the meeting. Prosposals to establish a “‘German Society for Petroleum 
Science” and a “German Geological Society in the British Zone”? were discussed. The 
program will appear in a later number of the Bulletin. 


EuGENE L. Ear has resigned as chief geologist for Crown Central Petroleum Corpora- 
tion to accept the position of division geologist for the British-American Oil Producing 
Company at Houston, Texas. 


J. HARLAN JOHNSON, professor of geology at the Colorado School of Mines, Golden, 

Colorado, returned in September from spending the summer studying the work of algae 

‘in the building of recent coral reefs at Bikini Atoll in the Marshall Islands, as a member of 
the Bikini Scientific Resurvey. 


E. K. Soper, former associate professor of geology at the University of California at 
Los Angeles, has joined the staff of Signal Oil and Gas Company, where he will act as a spe- 
cial consultant on domestic and foreign oil exploration. He will also have charge of Signal’s 
research activities in the field of oil exploration. 


—— 
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PROFESSIONAL DIRECTORY 


CALIFORNIA 


H. W. BELL 
Geologist and Engineer 
Consultant in Oil, Gas, Mining 


for 
Development, Production, Appraisal 


5275 Washington Ave., Fresno, Calif. 


PAUL P. GOUDKOFF 
Geologist 
Geologic Correlation by Foraminifera 
and Mineral Grains 
799 Subway Terminal Building 
LOS ANGELES, CALIFORNIA 


J. L. CHASE 
Geologist — Geophysicist 
210 Grand Avenue 
LONG BEACH 3 CALIFORNIA 


Tel. 816-04 
Electrical and Magnetic Surveys 


HAROLD W. HOOTS 
Geologist 
555 South Flower 


Los ANGELES 13 CALIFORNIA 


A, I. LEVORSEN 
Petroleum Geologist 


STANFORD UNIVERSITY CALIFORNIA 


ERNEST K. PARKS 
Consultant in 
Petroleum and — Gas Development 
an 
Engineering Management 
614 S. Hope St. 
LOS ANGELES, CALIFORNIA 


LUIS E. KEMNITZER 
KEMNITZER, RICHARDS AND DIEPENBROCK 


Geologists and Petroleum Engineers 


1003 Financial Center Building 
704 South Spring Street 
LOS ANGELES 14, CALIFORNIA 


RICHARD L. TRIPLETT 
Core Drilling Contractor 


PArkway 9925 1660 Virginia Road 


Los ANGELES 6, CALIF. 


VERNON L. KING 
Petroleum Geologist and Engineer 


707 South Hill Street 
Los ANGELES, CALIFORNIA 
Vandike 7087 


COLORADO 


JEROME J. O'BRIEN 
Petroleum Geologist 
Examinations, Reports, Appraisals 
Petroleum Building 
714 West Olympic Boulevard 
McCartTHy & O’BrigN Los Angeles 15, Calif. 


Cc. A. HEILAND 
Heiland Research Corporation 


130 East Fifth Avenue 
DENVER 9, COLORADO 


DAN KRALIS 


Consulting Geologist 
Eastern Colorado 


Surface, subsurface, sedimentation, stratigraphy, 
paleogeography, wells, reports 


Box 1813, Denver, Colorado 


HENRY SALVATORI 
Western Geophysical Company 
711 Edison Building 
601 West Fifth Street 
LOS ANGELES, CALIFORNIA 


HARRY W. OBORNE 
Geologist 


620 East Fontanero Street 
Colorado Springs, Colorado 
Main 4711 
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COLORADO 


EVERETT S. SHAW 
Geologist and Engineer 


3141 Zenobia Street 
DENVER 12 COLORADO 


V. ZAY SMITH L. BRUNDALL 
R,. MCMILLAN A. R. WASEM 


Geophoto Services, Inc. 
Photogeologists and Consulting Geologists 


305 E & C Building DENVER 2, COLO. 


ILLINOIS 


Cc. E. BREHM 
Consulting Geologist 
and Geophysicist 


New Stumpp Building, Mt. Vernon, Illinois 


FRANK W. DE WOLF 


Consulting Geologist 


601 Delaware Avenue 
Urbana Illinois 


J. L. MCMANAMY 
Consulting Geologist 


Mt. Vernon, Illinois 


L. A. MYLIUS 


Geologist Engineer 


122A North Locust Street 
Box 264, Centralia, Illinois 


T. E. WALL 
Geologist 


Mt. Vernon Illinois 


INDIANA 


HARRY H. NOWLAN 
Consulting Geologist and Engineer 
Specializing in Valuations 


Evansville 19, Indiana 


317 Court Bldg. Phone 2-7818 


KANSAS 


C. ENGSTRAND J. D. DAVIES 
Detailed Lithologic Logs 


KANSAS SAMPLE LOG SERVICE 
415 N. Pershing 
Wichita Kansas 


WENDELL S. JOHNS 


PETROLEUM 
GEOLOGIST 


Office Phone 3-1540 600 Bitting Building 
Res. Phone 2-7266 Wichita 2, Kansas 


LOUISIANA 


GORDON ATWATER 
Consulting Geologist 


Whitney Building 


New Orleans Louisiana 


WILLIAM M. BARRET, INC. 
Consulting Geophysicists 
Specializing in Magnetic Surveys 


Giddens-Lane Building SHREVEPORT, LA. 


G. FREDERICK SHEPHERD 
Consulting Geologist 
123 Maryland Drive 


Phone AUdubon 1403 New Orleans 18, La. 
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MEXICO 


MISSISSIPPI 


C. E. BURBRIDGE, JR. 
Consultant 
Petroleum Mining 


Apt. Postal 686, Mexico, D.F., Mexico 
Phones: Mexican 320057—Ericsson 239403 


R. Merrill Harris Willard M. Payne 
HARRIS & PAYNE 
Geologists 
100 East Pearl Bldg. 
Jackson, Miss. 


Phone 4-6286 
or L.D. 89 


MISSISSIPPI 


G. JEFFREYS 
Geologist Engineer 
Specialist, Mississippi & Alabama 
100 East Pearl Street 


Box 2415 Depot P.O. 
Jackson, Mississippi 


FREDERIC F. MELLEN 
Consulting Geologist 
P.O. Box 2584 
West Jackson Station 
Jackson, Mississippi 


11344 W. Capitol Street Phone 54541 


MONTANA 


E. T. MONSOUR 
Consulting Geologist 
P.O. Box 2571 
West Jackson Station 


Jackson, Mississippi 


112¥ E. Capitol St. Phone 2-1368 


HERBERT D. HADLEY 


Petroleum Geologist 
Billings, Montana 


801 Grand Ave. Phone 2950 


NEW MEXICO 


NEW YORK 


VILAS P. SHELDON 
Consulting Geologist and Reservoir 
Performance Specialist 
Geological Reports, Valuations, Appraisals, 
Microscopic well cutting examination, 
well completion supervision, reservoir 
performance analyses 
Office Phone 720-W Ca 
Home Phone 702-J Artesia, 


t Building 
ew Mexico 


BROKAW, DIXON & MCKEE 


Geologists Engineers 


OIL—NATURAL GAS 


Examinations, Reports, Appraisals 
Estimates of Reserves 


Gulf Building 


ouston 


120 Broadway 
New York 


NEW YORK 


FRANK RIEBER 
Geophysicist 


Specializing in the development of new 
instruments and procedures 


127 East 73d St. New York 21 


BASIL B. ZAVOICO 


Petroleum Geologist and Engineer 


220 E. 42nd St. 
New York 17, N.Y. 
MUrray Hill 7-7591 


City National Bank Bldg. 
Houston, Texas 
Charter 4-6923 


OHIO 


NORTH CAROLINA 


RODERICK A. STAMEY 
Petroleum Geologist 


109 East Gordon Street 


KINSTON NortTH CAROLINA 


OHIO 


JOHN L. RICH 
Geologist 


General Petroleum Geology 
Geological Interpretation of Aerial Photographs 


University of Cincinnati 
Cincinnati, Ohio 


GORDON RITTENHOUSE 
Geologist 
Specializing in sedimentation 
and sedimentary petrology 
University of Cincinnati 
Cincinnati 21, Ohio 


OKLAHOMA 


ELFRED BECK 
Geologist 


Box 55 
DALLAS, TEX. 


308 Tulsa Loan Bldg. 
TULSA, OKLA. 
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OKLAHOMA 


GARTH W. CAYLOR 
Consulting Geologist 
206 Chestnut-Smith Building 


624 South Cheyenne Avenue 
Tel. 2-1783 Tulsa, Oklahoma 


CRAIG FERRIS 
Geophysicist 
E. V. McCollum & Co, 
1510 Thompson Bldg. 
Tulsa 3, Okla, 


E. J. HANDLEY 
Vice-President 
CENTURY GEOPHYSICAL CORPORATION 
Phone 5-1171 
1333 North Utica Tulsa 6, Okla. 


WALTER E, HOPPER 
Geologist and Consultant 
Petroleum and Natural Gas 
Reports Appraisals 
Estimates of Reserves 
510 National Mutual Building Tulsa 3, Oklahoma 


R. W. LAUGHLIN 


Wet ELEVATIONS 


LAUGHLIN-SIMMONS & CO, 


615 Oklahoma Building 
TULSA OKLAHOMA 


FRANK A. MELTON 
Consulting Geologist 
Aerial Photographs 


and Their Structural Interpretation 


1010 Chautauqua Norman, Oklahoma 


CLARK MILLISON 
Petroleum Geologist 
Philtower Building 


TULSA OKLAHOMA 


P. B. NICHOLS 
Mechanical Well Logging 
THE GEOLOGRAPH COMPANY 
25 Northwestern 
Oklahoma City Oklahoma 


HUGH C. SCHAEFFER 
Geologist and Geophysicist 


Schaeffer Geophysical Company 
National Bank of Tulsa Building 
TULSA, OKLAHOMA 


WARE & KAPNER 
SAMPLE LOG SERVICE 
Wildcat Sample Log Service 
Covering Southern Oklahoma 
John M. Ware H. H. Kapner 
Tulsa, Oklahoma 
332 East 29th Place 4-2539 


JOSEPH A. SHARPE 
Geophysicist 


C. H. Frost GRAVIMETRIC SURVEYS, INC, 
4408 South Peoria Ave. Tulsa 3, Okla. 


G. H. WESTBY 
Geologist and Geophysicist 


Seismograph Service Corporation 


Kennedy Building Tulsa, Oklahoma 


ROBERT R. WHEELER 
Consulting Geologist 
Tekton Oil Co., Inc. 
Specializing in Anadarko Basin 
Possibilities and Prospects 
Phone 7-1142 
12th Floor, Petroleum Bldg. Oklahoma City 


PENNSYLVANIA 


HUNTLEY & HUNTLEY 
Petroleum Geologists 
and Engineers 
Grant Building, Pittsburgh, Pa. 


L. G. HUNTLEY 
J. R. Wrz, Jr. 
JAMES F, SWAIN 
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TEXAS 


JOSEPH L. ADLER 
Geologist and Geophysicist 
Contracting Geophysical Surveys 
in Latin America 
Independent Exploration Company 
Esperson Building Houston, Texas 


JOHN L. BIBLE 
Consulting Geophysicist 
TIDELANDS EXPLORATION COMPANY 
Gravity Surveys on Land and Water 
2626 Westheimer 
Houston 6, Texas 


CHESTER F. BARNES 
Geologist and Geophysicist 


Petroleum Bldg. P.O. Box 266, Big Spring, Tex. 


IRA A. BRINKERHOFF 
Geologist 


Associated with 
CUMMINS, BERGER & PISHNY 
730 Bankers Mortgage Building 

Houston, Texas 


HART BROWN 
BROWN GEOPHYSICAL COMPANY 
Gravity 


P.O. Box 6005 Houston 6, Texas 


GEORGE W. CARR 
Carr Geophysical Company 


Commerce Building Houston, Texas 


D’ARCY M. CASHIN 
Geologist Engineer 
Specialist Gulf Coast Salt Domes 


Examinations, Reports, Appraisals 
Estimates of Reserves 
705 Nat'l Standard Bldg. 
HOUSTON, TEXAS 


CUMMINS, BERGER & PISHNY 

Consulting Engineers & Geologists 
Specializing in Valuations 

1603 Commercial 


Standard Bldg. 
Fort Worth 2, Texas 


Ralph H. Cummins 
Walter R. Berger 
Chas. H. Pishny 


PAUL CHARRIN 
Geologist and Geophysicist 


UNIVERSAL EXPLORATION COMPANY 
2044 Richmond Road, Houston 6, Texas 


913 Union National Bank Building 
Houston 2, Texas 


R. H. DANA 
Southern Geophysical Company 


Sinclair Building 


FORT WORTH, TEXAS 


E. DEGOLYER 
Geologist 


Esperson Building 
Houston, Texas 


Continental Building 
Dallas, Texas 


ALEXANDER DEUSSEN 
Consulting Geologist 
Specialist, Gulf Coast Salt Domes 


1006 Shell Building 
HOUSTON, TEXAS 


DAVID DONOGHUE 


Consulting Geologist 


Appraisals - Evidence - Statistics 
Fort Worth National FORT WORTH, 
Bank Building TEXAS 


J. E. (BRICK) ELLIOTT 


Petroleum Geologist 


108 West 15th Street Austin, Texas 
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TEXAS 


R. H. FASH 


Vice-President 
THE Fort WORTH LABORATORIES 


Analyses of Brines, Gas, Minerals, Oil, Inter- 
pretation of Water Analyses, Field Gas Testing. 


82814 Monroe Street FORT WORTH, TEXAS 
Long Distance 138 


F, JULIUS FOHS 
Geologist 
433 Esperson Building 
Houston 2, Texas 
11 E, 44th Street 
New York 17, N.Y. 


JAMES F. GIBBS 


Consulting Geologist and 
Petroleum Engineer 


505 City National Bank Building 
WICHITA FALLS, TEXAS 


JOHN A. GILLIN 
National Geophysical Company 


Tower Petroleum Building 
Dallas, Texas 


CECIL HAGEN 
Geologist 


Gulf Bldg. HOUSTON, TEXAS 


MICHEL T. HALBOUTY 


Consulting 
Geologist and Petroleum Engineer 


Suite 729-32, Shell Bldg. 
Houston 2, Texas Phone P-6376 


SIDON HARRIS 
Southern Geophysical Company 


1003 Sinclair Building, FORT WORTH 2, TEXAS 


L. B. HERRING 
Geologist 
Natural Gas Petroleum 


Second National Bank of Houston, Houston, Texas 


JOHN M. HILLS 
Consulting Geologist 


Midland, Texas 
Box 418 Phone 1015 


SAMUEL HOLLIDAY 
Consulting Paleontologist 
Houston, Texas 


Box 1957, Rt. 17 M. 2-1134 


R. V. HOLLINGSWORTH 
HAROLD L. WILLIAMS 


PALEONTOLOGICAL LABORATORY 


Box 51 Phone 2359 
MIDLAND, TEXAS 


J. 8S. HUDNALL G. W. PIRTLE 


HUDNALL & PIRTLE 
Petroleum Geologists 


Appraisals Reports 
Peoples Nat'l. Bank Bldg. TYLER, TEXAS 


C. E. HYDE 
Geologist and Oil Producer 


1715 W. T. Waggoner Building 


FORT WORTH 2, TEXAS 


JOHN S. IVY 
Geologist 


1124 Niels Esperson Bldg., HOUSTON, TEXAS 
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TEXAS 


RALPH S. JACKSON 
Consulting Geophysicist 


BEEVILLE TEXAS 


W. P. JENNY 
Consulting Geologist and Geophysicist 


Specializing in MICROMAGNETIC SURVEYS, 
GEOLOGICAL INTERPRETATIONS and COR- 
RELATIONS of seismic, gravimetric, electric and 
Magnetic surveys. 


1404 Esperson Bldg. HOUSTON, TEXAS 


V. ROBERT KERR 
Consulting Seismologist 
Original and Review Interpretations 
Associated with 
CUMMINS, BERGER AND PISHNY 
Commercial Standard Bldg. Fort Worth 2, Tex. 


H. KLAUS 
Geologist and Geophysicist 


KLaus EXPLORATION COMPANY 
Geophysical Surveys and Interpretations 
Gravitymeter, Torsion Balance 
and Magnetometer 
Box 1617, Lubbock, Texas 


LESTER A. LUCKE 
Geologist 
900 Brook Avenue 
Wichita Falls, Texas 


PHIL F. MARTYN 
Petroleum Geologist 


2703 Gulf Building 


Charter 4-0770 Houston 2, Texas 


JOHN D. MARR 
Geologist and Geophysicist 


SEISMIC EXPLORATIONS, INC. 


Gulf Building Houston, Texas 


HAYDON W. McDONNOLD 
Geologist and Geophysicist 


KEYSTONE EXPLORATION COMPANY 


2813 Westheimer Road Houston, Texas 


GEORGE D. MITCHELL, JR. 
Geologist and Geophysicist 


ADVANCED EXPLORATION COMPANY 


622 First Nat'l Bank Bldg. Houston 2, Texas 


R. B. MITCHELL 
Consulting Geologist 
THE R. B. MITCHELL COMPANY 


City National Bank Bldg. Houston 2, Texas 


P. E. NARVARTE 
Consulting Geophysicist 
Seismic Interpretations 
Specializing in Faulting and Velocity Analysis 
Current Supervision and Review 


307 Insurance Building San Antonio, Texas 


LEONARD J. NEUMAN 
Geology and Geophysics 
Contractor and Counselor 
Reflection and Refraction Surveys 


943 Mellie Esperson Bldg. Houston, Texas 


DABNEY E. PETTY 
10 Tenth Street 
SAN ANTONIO, TEXAS 
No Commercial Work Undertaken 


J. C. POLLARD 
Robert H. Ray, Inc. 
Rogers-Ray, Inc. 
Geophysical Engineering 


National Standard Bldg. Houston 2, Texas 
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TEXAS 


ROBERT H. RAY 
H. Ray, INc. 
Geophysical Engineering 
Gravity Surveys and Interpretations 


Natl. Std. Bldg. Houston 2, Texas 


F, F. REYNOLDS 
Geophysicist 
SgisMic EXPLORATIONS, INC. 


Natl. Std. Bldg. Houston 2, Texas 


SIDNEY SCHAFER 
Consulting Geophysicist 


Seismic Reviews Interpretations 
Exploration Problems 


3775 Harper St. Houston 5, Texas 


HUBERT L. SCHIFLETT 


STATES EXPLORATION COMPANY 


Sherman Texas 


A. L. SELIG 


Consulting Geologist 


Gulf Building Houston, Texas 


Henry F. Schweer Geo. P. Hardison 


SCHWEER AND HARDISON 
Independent Consulting 
Petroleum Geologists 


426-28 Waggoner Building 
Wichita Falls, Texas 


WM. H. SPICE, JR. 
Consulting Geologist 


2101-02 Alamo National Building 
SAN ANTONIO, TEXAS 


E. JOE SHIMEK HART BROWN 
GEOPHYSICAL ASSOCIATES 
Seismic 


P.O. Box 6005 Houston 6, Texas 


HARRY C. SPOOR, JR. 
Consulting Geologist 


Petroleum... Natural Gas 


Commerce Building Houston, Texas 


CHARLES C. ZIMMERMAN 
Geologist and Geophysicist 


KEYSTONE EXPLORATION COMPANY 


2813 Westheimer Road Houston, Texas 


W. W. WEST 
PERMIAN BASIN SAMPLE LABORATORY 
106 South Loraine Phone: 1685 Midland, Texas 
All current West Texas and New Mexico Permian 
Basin wildcat and va 4 pool well sample descrip- 
tions on a monthly subscription basis. 
Descriptions on old wells. 


WYOMING 


E. W. KRAMPERT 
Geologist 


P.O. Box 1106 
CASPER, WYOMING 


WEST VIRGINIA 


DAVID B. REGER 
Consulting Geologist 


217 High Street 
MORGANTOWN WEST VIRGINIA 


HENRY CARTER REA 
Consulting Geologist 
Specialist in Photogeology 


Box 294 
CASPER, WYOMING 
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GEOLOGICAL AND GEOPHYSICAL SOCIETIES 


THE SOCIETY OF 
EXPLORATION GEOPHY. SICISTS 
President + - - Cecil H. Green 
Geophysical Service, Inc., 1311 Republic Bank 

uilding, Dallas, 
Vice-President - - - Nettleton 
Gravity Meter 
1348 _Esperson Bldg., Houston, Tex. 
Editor - M. King Hubbert 
"Shell Oil Com any, Inc. 
ouston, Texas 
Secretary-Treasurer - - + Thomas A. Manhart 
Seismograph Service Corporation 
Box 1590, Tulsa, Oklahoma 
Past-President - J. Jakosky 
University of “Southern Cali ‘ornia 
Los Angel 
Business Manager - - lin C. Campbell 
Room 210, 817 South Boulder, =. Oklahoma 
P.O. Box 1614 


CALIFORNIA 


PACIFIC SECTION 
AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS 


President Martin Van Couvering 
1734 Hillside Drive, Glendale, California 
Vice-President - - William P. Winham 


Box 2437 Terminal “Annex, Los Angeles 54 


Secretary-Treasurer + - Clifton W. Johnson 
430 Richfield Building, Los Angeles 13 


Monthly Luncheons: First Thursday each month, 
Clark Hotel, 420 South Hill St., Los Angeles 


COLORADO 


FLORIDA 


ROCKY MOUNTAIN 
ASSOCIATION OF GEOLOGISTS 
DENVER, COLORADO 


President - - - C. A. Heiland 
Heiland Research Corporation 
0 East Fifth Ave. 


Ist - + + Robert McMillan 
Geophoto Services, Inc. 
308 E&C 


2nd Vice-President - . Cullen 
1024 Continental ‘Oil Buition 


S. Geological Survey, 300 New codeine 


cau dinner (6:30) and technical program 
(8:00) first Tuesday each month or by announce- 
ment, 


SOUTHEASTERN 
GEOLOGICAL SOCIETY 


Box 841 
TALLAHASSEE, FLORIDA 


President - - H. A. Sellin 
Magnolia Petroleum ‘Company 
Vice-President - - B. B. Spaulding 

The Texas Company, Box 21 

- + Lois J. Schulz 
he California Company, Box 371 

aie will be announced. Visiting geologists 

and friends are welcome. 


ILLINOIS 


INDIANA-KENTUCKY 


ILLINOIS 
GEOLOGICAL SOCIETY 
President - - - - E. E. Rehn 
Sohio Petroleum Company 
Box 537, Mt. Vernon 
Vice-President - - - + + + John B. Patton 
Indiana University 
Bloomington, Indiana 
-Treasurer - + Charles Doh 

hlumberger Well Surveying Corporation 
Box 571, Mattoon 
Meetings will be announced. 


INDIANA-KENTUCKY 
GEOLOGICAL SOCIETY 
EVANSVILLE. INDIANA 


President - - - + + J. Albert Brown 
Sohio Petroleum Company, Damron Bldg. 
Owensboro, Kentucky 
Vice-President - - - + George E. Taylor 
Continental Oil Company, 606 Division St. 
Evansville, Indiana 
Secretary-Treasurer - + - + + + P.L, Keller 
Great Lakes Carbon Company, American Bldg. 
Evansville, Indiana 


Meetings will be announced. 


KANSAS 


LOUISIANA 


KANSAS 
GEOLOGICAL SOCIETY 
WICHITA, KANSAS 


President - Gail Carpenter 
Consulting, 240 N. 


Vice-President - Lee H. Cornell 
Stanolind Oil “and Gas Company 
Secretary-Treasurer - - - Don W. Payne 


Sinclair Prairie Oil Company 


Regular Meetings: 7:30 P.M., Geological Room, 

Wichita, first Tuesda ay of each month. 
sors the Kansas Well Log oe. 

“iz Union’ National Bank Building, and the Ka 

sas Well Sample Bureau, 137 North Topeka. 


NEW ORLEANS 
GEOLOGICAL SOCIETY 
NEW ORLEANS, LOUISIANA 
President - - - - D.D. Utterback 
Houston Oil Company of Texas 
1701 Pere Marquette Bldg. 


Presid t and P ogram Chairman - - 
Vice-Presiden 


Humble Oil “and Refining ompany 
Secretary-Treasurer - - - -D.N. Rockwood 
Unies Producing Company, Box 1628 
Meets the first Monday of every month, October- 
May inclusive, 7:30 P.M., St. Charles Hotel. 
Special meetings by announcement. Visiting geol- 

ogists cordially invited. 
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LOUISIANA 


LOUISIANA 


THE SHREVEPORT 
GEOLOGICAL SOCIETY 
SHREVEPORT, LOUISIANA 

Presidemt - - - + + W.E. Wallace, Jr. 
Sohio Petroleum Company, Atlas Building 
Vice-President - - - + + + Edward W. Scott 
Union Oil Company of California 
Ricou-Brewster Building 
Secretary-Treasurer- - + + Richard T. Chapman 
Stanolind Oil and Gas Company, Box 1092 


Meets ecey eptember to May, inclusive, in the 
State Exhibit Building, Fair Grounds. All meetings 
by announcement. 


SOUTH LOUISIANA GEOLOGICAL 
SOCIETY 


LAKE CHARLES, LOUISIANA 


President - - + Bruce M. Choate 
Atlantic Refining | 
Vice-President - oy A. Payne 
Gulf Oil Corporation 
Secretary *- W., Farrin Hoover 
Stanolind Oil and Gas Company Box 54 __ 
Treasurer - - W. B. Neill 
Stanolind Oil and Gas uneies 


Meetings: Dinner and business meetings third 
Tuesday of each month at 7:00 P.M. at the Majestic 
Hotel. Special meetings by announcement. Visiting 
geologists are welcome. 


MICHIGAN 


MISSISSIPPI 


MICHIGAN 
GEOLOGICAL SOCIETY 
Presidemt - - - « « K. Clark 
Pure Oil Compa 
402 2d Natl. Bank Bidg., "Sa inaw 
Vice-President - . A. Kelly 
Michigan $ State College 
ast Lansin, 
Secretary-Treasurer 5. Hardenberg 
Michigan Geological Survey 
Capitol Savings and Loan Bldg., Lansing 
Business Manager - - “pick Mortenson 
Sohio Company, t. Pleasant 
Meetings: Monthly, November through May, at 
Michigan State College, East Lansing, Michigan. 
Informal dinners at 6:30 P.M., followed by dis- 
cussions. Visiting geologists are welcome. 


MISSISSIPPI 
GEOLOGICAL SOCIETY 
JACKSON, MISSISSIPPI 


President - - - + + + Spyres 
Skelly Oil Company 


Vice-President - - - R. D. Sprague 
Sinclair Wyoming Oil Company 


Secretary-Treasurer - + Carl F. Grubb 
Superior Oil “Company 
Tower Building 


Meetings: First and third Thursdays of each 
—_ from October to May, inclusive, at 7:30 

, Edwards Hotel, Jackson, ‘Mississippi. Visiting 
svillaias welcome to all meetings. 


OKLAHOMA 


ARDMORE 
GEOLOGICAL SOCIETY 


ARDMORE, OKLAHOMA 


President - - + Robert W. Kline 
Sinclair Prairie Oil Company, Box 978 


Vice-President - - W. James 
Phillips Petroleum Company, Box 958 


Secretary-Treasurer - - - - - W.R. Johnson 
The Texas Company, Box 539 


Dinner meetings will be held at 7:00 P.M. on the 
first Wednesday of every month from October to 
May, inclusive, at the Ardmore Hotel. 


OKLAHOMA CITY 
GEOLOGICAL SOCIETY 
OKLAHOMA CITY, OKLAHOMA 
President - - Harold J. Kleen 
‘Skelly Oil Company 


Vice-President - en F, Baldwin 
Stanolind Oil and Gas Gaia 
Secretary - - » Walton 


Carter Oil Company 
1300 Apco Tower 
Treasurer - R. W. Edmund 
Globe Oil, and Refining Company 
Meetings: Technical program each oon, subject 
to Program Committee, Oklahoma City 
University, 24th Street and Blackwelder. Lunch- 
eons: Every second and fourth ow of each 
month, at 12:00 noon, Y.W.C.A 


SHAWNEE 
GEOLOGICAL SOCIETY 
SHAWNEE, OKLAHOMA 


President - - Henry A. Campo 
Atlantic Refining Company, Box 169 
Shawnee 
Vice-President - - Fred J. Smith 


Sinclair Prairie Oil Company 

Box 991, Seminole 
Secretary-Treasurer - - Marcelle Mousley 
Atlantic Refining Company, Box 169 
Shawnee 
Meets the fourth Thursday of each month at 8:00 
P.M., at the Aldridge Hotel. Visiting geologists 
welcome. 


TULSA GEOLOGICAL 
TULSA, 


President - G. Carlson 
Consulting Geologist, 922 Thompson Building 
1st Vice-President - + - bor ry E. 

Amerada Petroleum Corporation, x ag 
2nd Vice-President - - - tts, Jr. 
Sinclair Prairie Oil Company, “box it 
Treasurer L. Frost 
io Oil Company, Thompson. Building 
Robert F. Walters 


Box ‘61, Gulf Oil, Corporation 


Meetings: First and third Mondays, each month, 
from tober to May inclusive, at 8:00 P.M., 
University of Tulsa, Kendall Hall Auditorium. 
Luncheons: Every Friday May), Cham- 
ber of Commerce Building. 
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PENNSYLVANIA TEXAS 
PANHANDLE 


PITTSBURGH GEOLOGICAL 
SOCIETY 


PITTSBURGH, 
President + - Philbrick 
United States Engineers, 925 New Sederal Bldg. 
Vice-President + John T. Galey 
Independent, Box 
Secretary - avid K. Kirk 
Gulf esearch and Development a Box 2038 
Treasurer C. H. Feldmiller 

111 “Haldane. Avenue, Pittsburgh 5 


Meetings held each month, except during the 
summer. All meetings and other activities by 
special announcement. 


GEOLOGICAL SOCIETY 
AMARILLO, TEXAS 
President - + + + + + Graydon L. Meholin 
Sinclair Prairie Oil Company, Box 1242 
Vice-President + + + + + + Paul A. Grant 
Gulf Oil Corporation, Box 110 
Secretary-Treasurer - + - + + Robert J. Gutru 
Cities Service Oil Company, Box 350 


Meetings: Luncheon 1st and 3d Wednesdays of 
each month, 12:00 noon, Herring Hotel. Special 
night meetings by announcement. 


TEXAS 


CORPUS CHRISTI GEOLOGICAL 
SOCIETY 


CORPUS CHRISTI, TEXAS 
President - - Dale L. Benson 
Sinclair Prairie Oil Company, Box 480 
Vice-President - Robert D. Hendrickson 
Tide Water Associated Oil Company 


Secretary-Treasurer - H. C. Cooke 
c/o O. G. McClain, 224. Wilson Building 


Regular luncheons, every Thursday, Terrace Annex 
Room, Robert Driscoll Hotel, 12:00. Special night 
meetings by announcement. 


DALLAS 
GEOLOGICAL SOCIETY 


DALLAS, TEXAS 


President - - - Willis G. Meyer 
Merer ead Achtschin 
502 Continental Building 


Vice-President - - - + John M. Clayton 
Seaboard Oil Company 
1400 Continental Building 


Secretary-Treasurer- - - W. W. Newton 
Geotechnical Corporation, Box 7166 


Meetings: Monthly luncheons by announcement. 
Special night meetings by announcement. 


EAST TEXAS GEOLOGICAL 
SOCIETY 
TYLER, 
President - H. Shelby, Jr. 
Hu mble Oil and Company 


Vice-President - - L. F. Lees 
Phillips Petroleum Company 


Secretary-Treasurer - + + + Walter E. Long 
Magnolia Petroleum Company 
Box 780 


Luncheons: Each week, Monday noon, Blackstone 
otel. 


Evening meetings and re will be announced. 
Visiting geologists and friends are welcome. 


FORT WORTH 
GEOLOGICAL SOCIETY 
FORT WORTH, TEXAS 


President - + + + + + C, D. Cordry 
Gulf 


Vice- - - R. H. Schweers 
he Texas Company, bar 1720 
- + R. W. Dudley 
Pure Company 
107 


Meetings: Luncheon at noon. Hotel Texas, first 

and third Mondays of each month. Visiting geol- 

— and friends are invited and welcome at 
meetings. 


HOUSTON 
GEOLOGICAL SOCIETY 
HOUSTON, TEXAS 
President - - - Charles H. Sample 

M. Huber Corporation 
721 Bankers 
Vice-President - - F. Childers 
Gulf Oil Corporation, Box nt 00 
Secretary - - - + Hershal C. Ferguson 
Consultant, "1208 Esperson Building 
Treasurer - - Eugene L. Earl 
The British- American “Oil Company 


Regular meeting held the second and fourth Mon- 
days at noon (12 o'clock), Mezzanine floor, Rice 
Hotel. For any —— pertaining to the meet- 
ings write or call the secretary. 


NORTH TEXAS 
GEOLOGICAL SOCIETY 


WICHITA FALLS, TEXAS 


President - Dolphe E. Simic 
Bay Petroleum Corporation 
Vice-President - - Lynn L. Harden 
Sinclair Prairie Oil Company 


Secretary-Treasurer - D. T. Richards 
Consulting, 1709 Buchanan Street 


Meetings: Each week, Tuesday, 12:30 P.M., Texas 
Electric Auditorium; Each month, first Thursday 
evening. Special night meetings ‘announced. All 
geologists always welcome. 
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TEXAS 


SOUTH TEXAS SECTION 
AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS 
SAN ANTONIO, TEXAS 


President - - - - - += + = + GuyE. Green 
Santa Clara Oil Company 
1016 South Texas Building 


Vice-President - - Van A. Petty, Jr. 
Petty Geophysical 
Secretary-Treasurer - - J. Boyd Best 


The Ohio ‘Oil Com any 
1417 Milam Buildi 
Meetings: One regular meeting ‘aie month in San 
Antonio. Luncheon every Monday noon at Milam 
Cafeteria, San Antonio. 


WEST TEXAS GEOLOGICAL 
SOCIETY 


MIDLAND, TEXAS 


President - W. J. Hilseweck 
Gelf Oil Corporation, ‘Box 1150 


Vice-President - - - W. A. Waldschmidt 
Argo Oil Corporation, Box 1814 


Secretary-Treasurer - Charles F, Henderson 
Stanolind Oil and Gas Company, Box 1540 


Meetings will be announced. 


WEST VIRGINIA 


WYOMING 


THE APPALACHIAN GEOLOGICAL 
SOCIETY 
CHARLESTON, WEST VIRGINIA 
P.O. Box 2605 


President - - - - - + Robert C. Lafferty 
Consultant, 4007 Staunton Avenue, S.E. 
1st Vice-President - - - - H,. J. Simmons, Jr. 
Godfrey L. Cabot, Inc., 900 Union Building 
Secretary-Treasurer - - - - Alam H. McClain 
Owens, iby: Owens Gas Department, Box 4158 
Editor - - - - R. Douglas Rogers 


South Penn Natural Gas Co., Union Trust 
Building, Parkersburg, West Virginia 


Meetings: Second Monday, each month, except 
and August, at 6:30 P.M., Kanawha 
ote 


WYOMING GEOLOGICAL 
ASSOCIATION 
CASPER, WYOMING 
P.O. Box 545 
President - - Rolland W. McCanne 
T he Ohio Oil Company 
Ist Vice-President - - - Waynard G. Olson 
Continental Oil Company 
2d Vice-President (Programs) Thomas C. Hiestand 
Cities Service Oil Company 
Secretary-Treasurer - - George Steele 
Northern Utilities Company 


Informal luncheon meetings every Friday, 12 noon, 
Townsend Hotel. Visiting geologists welcome. 
Special meetings by announcement. 


DIRECTORY OF GEOLOGICAL MATERIAL 
IN NORTH AMERICA 
J. V. HOWELL AND A. I. LEVORSEN 


I. General Material :—National and continental in area 
A. Publications and non-commercial publishing agencies, regional, national, and 


continental 
B. Bibliographies, general 


C. Dictionaries, glossaries, encyclopedias, statistics, handbooks 
D. Miscellaneous books and: publications of general geological interest 


E. Commercial map publishers 


F. Regional and national geologic and physiographic maps 


G. State and Province geological maps 


H. Trade journals: oil, gas, mineral industry 
I. Libraries furnishing photostat and microfilm service 


J. Thin-section and rock-polishing service 


II. Specific material :—State and Province in area 
A. Canada, by provinces and Newfoundland 


B. Central American countries 
C. Mexico 


D. United States—states and territories 
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THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
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KEY 


Seismic Survey 
Parties 
Gravity 
Parties 
Core Drill & 

Logging Pert 

Elevation Meter 


Survey Partics 


Meter Survey 


Electric 


Main Office 
and Plant 


Division Head- 
quartere 


This map indicates the num- 
ber and type of Western crews “2 
which have operated in each 
state from January to June, 8 


irs 


since the inception of the company in 1933 
include operations in every major producing and potential petroleum 
producing province in the United States. This wide experience, solving 
all types of geophysical problems, together with superior personnel, 
equipment and research facilities enables Western to meet every require- 
ment of operators desiring the most complete and highly advanced 
geophysical service. 


The accuracy of its surveys is attested by its numerous clients 
and by the many discovery wells which have been located on the basis 
of Western surveys. 


In addition to the domestic operations depicted, Western field 
parties and/or instruments are now operating in Paraguay, Argentine, 
Italy, France and China. Western services are available in any part 
of the world. 


WESTERN MANUFACTURES FOR SALE OR RENTAL — 
Seismic Instruments and Equipment + Gravity 


Meters « Elevation Meters + Electrical Logging 


EDISON 


Units « Portable Shot Hole and Core Drilling Rigs 


Wa 


GEOPHYSICAL COMPANY 


ILDING, EOS ANGEEFES 13; CALIEORNDA 


- 
> 
Co 
| R to Bo | 
| 
| 
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BI 


AUTOMATIC CHUCK 


Time saved when changing rods means more pro- 
duction time ... greater footage in a day, with 
consequently lowey costs. Set screws are eliminated 
... rods are changed without stopping rotation... re- 
leased or held hydraulically, requiring minimum labor. 


“Dismantled, the Sullivan “200” demon- 


strates its portability. Strong, rigid steel 
tube mast of welded construction .. . de- 
signed formaximum load carrying capacity. 


H 4 > 
EXCLUEIVE OW SULLIVAN ORILES | i 
4 
i 
i i 
Sar 
Se 


THE SULLIVAN IS 


COMPLETELY PORTABLE... 
FOR STRUCTURE TESTING 
CORE DRILLING 
AND 
ELECTRICAL LOGGING 
SHALLOW SLIM-HOLE PRODUCTION 


ay 


Completely self- 
contained . . . mast 
raised and iowered 
hydraulically . . . 
capacity 20,000 Ib. 
drilling string . . . 
drills holes to 2500 
feet in depth. 
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C. H. FROST GRAVIMETRIC 
SURVEYS, INC. 


C. H. Frost, President JosepH A. SHarpe, Vice-President 


GRAVIMETERS manufactured under license from Standard Oil 


Development Company 


GRAVIMETRIC AND MAGNETIC SURVEYS carefully con- 


ducted by competent personnel 


GEOLOGIC INTERPRETATION of the results of gravimetric 


and magnetic surveys 


4410 South Peoria Avenue Tulsa 3, Oklahoma 


OIL WELL SURVEY COMPANY 


GENERAL OFFICES: DENVER, COLORADO 
DIVISION OFFICES: LONG BEACH, DALLAS, HOUSTON 
EXPORT OFFICES: LONG BEACH, LOS ANGELES, NEW YORK 


| 
| 
| 
| 
| 
| 
| 
| 
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Pioneers in 
Magnetic 
Prospecting 


XXV 


WILLIAM M. BARRET. WNC. 
Consulting Geophysicists 
GIDDENS-LANE BLDG. LA. 
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FIRST IN OIL FINANCIN G 
1895-1947 


THE FIRST NATIONAL BANK 
AND TRUST COMPANY OF TULSA 


MEMBER FEDERAL DEPOSIT INSURANCE CORPORATION 


MINERAL RESOURCES OF CHINA 
By V. C. Juan 
June-July, 1946 Issue, Part II, Economic Geology 
75 cents per copy In lots of 10—$6.00 


The Economic Geology Publishing Company 
100 Natural Resources Building, Urbana, Illinois 


TECTONIC MAP OF 
SOUTHERN CALIFORNIA 


BY 
R. D. REED and J. S. HOLLISTER 


Map and four structure sections printed in ten colors on durable ledger 
paper, 27 x 31 inches. Scale, 14 inch = 1 mile. 


From “Structural Evolution of Southern California,” Bzl/. Amer. 
Assoc. Petrol. Geol., Vol. 20, No. 12 (December, 1936). 


PRICE, $0.50, POSTPAID IN TUBE 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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are NOT comptete 


i problems faced by the Petroleum 
Industry in the next few years will require careful considera- 
tion of the production efficiency of every well in America. 
® To provide oil well operators with accurate information 
about the formations traversed by boreholes, their 
locations and characteristics Radioactivity Well Logging 
records two curves. The Gamma Ray Curve measures 
the intensity of gamma ray emission from radioactive 
, materials in the formations and provides a method 
_ «, of differentiation. The Neutron Curve measures the 
be response of formation to neutron bombardment. 
This curve detects fluid and indicates porosity as 
well as the location of casing seats and liner 
overlaps. The Collar Log, recorded simultane- 
ously with the Gamma Ray Curve establishes 

=& the location of formations in relation to 
. collars, and makes each collar a bench mark 
for subseq well operations. Extremely 
accurate gun perforating can be performed 
-. immediately on the same set-up. 
basic information provided by these 
two curves and the Collar Log is so im- 
4 portant that, in the opinion of leading 
geologists and production engineers 
“Your well records are not complete 
without both curves through casing.” 


LANE WELLS 


42 BRANCHES 


XXVil 
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& LOSANGELES © HOUSTON © OKLAHOMA CITY 
24 HOUR SERVICE — General Offices, Export Offices and Plant 
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...means finding oil reserves efficiently 


when you contract with Independent 


When you invest in a program of seismic exploration, implicit 
confidence in the men to whom you entrust the work is a 
source of greatest satisfaction. In any oil exploration project 
a large measure of the responsibility for success rests 
squarely with the Party Chiefs who direct the work out in 
the field. 


Over a period of more than 15 years many important oil 


producers have reposed their confidence in Independent 
Exploration Company 


where 17 senior Party Chiefs have 
an average of more than 13 years actual field experience in 
seismograph survey work. Experienced crews under the 
direction of these seasoned Party Chiefs are available on 


inquiry is invited. 


® 

& 

€ 

€ 
@ 
proper notice for contracts in any part of the world. Your . 


Inde pendent 


f 
(Jan, 


4 
# 
ESPERSON BUILDING | 


HOUSTON, TEXAS 
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ALY STUN 


SEISMIC SURVEYS 


KEYSTONE EXPLORATION COMPANY 


OFFICES AND LABORATORY 


2813 WESTHEIMER ROAD 


HOUSTON @® TEXAS 
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GEOPHYSICAL COMPANY HOUSTON 


ACCURATE 
GEOPHYSICAL 
SURVEYS 


CORE DRILLING 


° 
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creases viscosity, lowers water loss, deposits a 
thin filter cake, eliminates caving, checks loss of 
circulation, and reduces the possibility of stuck 
drill pipe. For two decades the oii industry has 
accepted Aquagel for its efficiency and econo- 
my. Aquagel will serve the shallow as well as 
the deep job. 


WITH 


Two or three sacks of Aquagel 
added to the mud already in 
use can work wonders in cutting drilling time 
and troubles in workovers, shot-hole drilling, 
and cable tool jobs. 

The concentrated colloidal material contained 
in Aquagel will improve all drilling muds. It in- 


RECOMMENDED TREATMENTS 


AQUAGEL* 


TO BE ADDED TO TO BE ADDED TO 
DRILLING MUD STRAIGHT WATER 

1. To add to clay mud to condition it 3 to 7 V to 2% 
2. To make straight Aquagel-drilling mud 18 to 22 5 to 6% 
3. To stop troublesome caving 9 to 11 2%2 to SA% 18 to 26 5 to 7% 
4. To stop bad caving 14 to 18 4 to 5% 25 to 30 7 to 8% 
5. To stop loss of circulation 10 to 18 3 to 5% 30 to 37 8 to 10% 
6. To use before running casing 3 to 10 1 to 3% 14 to 18 4 to 5% 
7. To use in cable tool drilling 1 sack to 5 barrels of water 


*Values given are in the average range. Brackish waters will require greater percentages. 


BAROID SALES DIVISION === == 
NATIONAL LEAD COMPANY 


To obtain additional information on how to apply Aquagel to the 
well or wells in your district, please fill out and mail the form 
below to Baroid Sales Division, P.O. Box 2558, Terminal Annex, 
Los Angeles 54, California. 


LOS ANGELES 12 TULSA 3 HOUSTON 2 
Name. Title. 
BAROID PRODUCTS: AQUAGEL LICENSES as sources 4 
AQUAGELCEMENT*ANHYDROX bows wi bey Company 
BAROCO BAROID « FIBERTEX Je, practice the motier 
te: tent: 
IMPERMEX ¢ JELFLAKE « MICATEX 082; 1,991,637; 2,041,086; 2,044,758, 2.064.. 
SMENTOX ¢ STABILITE ZEOGEL 21 294,- City. Zone. State. 
TESTING EQUIPMENT BAROID ond 
further improvements thereof. Application for 


WELL LOGGING SERVICE 


licenses should be made to Los Angeles 


. £ 
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SEISMIC ENGINEERING COMPANY 


DA LA AS, TEXAS 


i 
‘ 
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| | 


GEOPHYSICAL CORPORATION 
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UNITIZED 
RECORDING ASSEMBLY @ e 


The new Century Unitized Recording Assembly is a 
complete installation designed to produce the most ac- 
curate records possible. Each component has been care- 


fully engineered to the others for trouble-free operation. 


| 
| 
i 
i 
| o 
j 
| 


@ @ 


Consisting of two banks of twelve amplifiers each, with Mixer-Balance Panel so 
arranged that each bank may be operated individually, a Master Control and Test Panel, 
and the Century Model 0-45-2 Oscillograph, this complete assembly incorporates many 
exclusive features. The amplifiers are designed to provide maximum signal to noise ratio. 
An automatic gain circuit included in the design of each amplifier produces the proper 
operate and deoperate time constants which are substantially independent of average 
signal level change, the rate of operation and deoperation being determined by the ratios 
of energy change. 

The Mixer-Balance Panel is of the resistance type and provides mixing in either 
direction or both as desired. A simple bridge circuit successfully balances out A. C. 
pick-up caused by near-by power lines. 

The Master Control and Test Panel brings together all the most used controls, greatly 
simplifying the operation of the entire unit. This panel tests the input circuits without 
interruption of circuits. Leakage and continuity of each line are read simultaneously on 
separate meters. Inputs may be switched so that each group of twelve amplifiers are 
connected to the same group of seismometers permitting dual recording on one record. 

The Century Model 0-45-2 Oscillograph is a 24 element recorder producing vivid 
black on white records. Fine timing lines are placed every .01 second with a medium 
line every .05 second followed by a heavy line every .1 second. A special temperature 
compensated laboratory type vacuum tube driven fork provides excellent frequency 
‘stability of five parts in 1 million over a temperature range from 0° to 150° F. An 8” 
prismatic viewing screen provides a continuous check of spots from the front panel. This 
Oscillograph is equipped with Century type G-14 tubular Calvanometers which are 
ruggedly constructed to withstand hard usage in the field. A removable paper magazine 
with rotary knife permits daylight operation. 

All the instruments are powered from a single electronically stabilized power supply 


which obtains its current from storage batteries. 


LJ 


OSCILLOGRAPH 
SIZE: 1012” high, 1012" deep, 20” 


long. 

WEIGHT: 62 pounds. 

PAPER WIDTH: 2” to 8”. 
MAGAZINE CAPACITY: 200’. 


12, 14, 24, or 28 galvanometer units 
as desired. (Normally equipped with 
220 c.p.s. galyanometers) 


Continuously variable paper speeds. 


Fully automatic in operation. 


AMPLIFIER 


Plug-in type amplifier featuring finest 
quality component parts mounted on 
sturdy, nickel plated brass chassis. Standard 
type tubes available in the field. Capacitors 
and inductances hermetically sealed. Rug- 


gedly constructed for trouble-free operation. 


| ? 


GEOPHYSICAL CORPORATION 


6, OKLAHOMA 
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COMPARE THESE 8 OFFSET- 
TING WELLS IN 4 SEPARATE 
FIELDS. Each well completed 
with Black Magic is compared 
with an offset well completed 
with a conventional water base 
mud. In each comparison the fac- 
tors governing production closely 
parallel one another—such as 
chokes, p bility, p 

etc. Only in production figures do 
the wells lack similarity. Black 
Magic is the deciding factor bere. 


MAGIC BASE 
1563 558 369 330 1575 1030 374 88 
1.42 0.144 250. 60 5.73 1.22 7.3 0.98 
110’ 90° 178’ 170’ 270’ 260’ 35’ 31” 


600m.d. 300m.d. | 300m.d. § 2400m.d. | 2400m.d. 


3635 3580 2250 


2370 1834 1450 136 110 


D 311 125 350 


284 525 282 423 65 


TT ARE NOT UNUSUAL EXAMPLES. In 
almost every instance where data is 
available, wells drilled with Black Magic show 
greater production, not only at the time of com- 
pletion but many months later, and production 
curves at the end of two and three year periods are 
on the average even more amazing. 

Water in the producing zone restricts the 
free flow of crude oil, lessening the ultimate re- 
covery of oil from the well. This is commonly 
referred to as “water blocking” or “mudding 
off.”” By capillary action and hydrous swelling of 
the formation, water particles actually seal up 
minute crevices in oil sands and even under ex- 
treme pressures the water is never completely dis- 
lodged. 

Black Magic has a zero filtrate loss, forms 
only a paper thin mud cake, which is completely 
taken off by crude oil, eliminating blocking off 
the pay section. 

In addition, cement, salt, anhydrite, gyp- 
sum and limestone will not affect it. No chemicals 


are needed to maintain the properties of Black 
Magic. Core recovery is higher than with any 
other drilling fluid and accurate values are ob- 
tained. Black Magic lubricates bit bearings, al- 
lows longer bit time on bottom, keeps a hole “‘to 
gauge” and eliminates conditions causing stuck 
pipe. Black Magic may be regenerated and used 
over and over again. When properly used it is 
one of the most economical commodities in the 
entire drilling operation. 

Write for ‘Oil Base Drilling Fluids”—an 
informative paper delivered at 75th annual meet- 
ing of A.I.M.E.; and Black Magic Catalog. 

Black Magic is not to be confused with any 
other type of oil base drilling fluid and is mann- 
factured, distributed and by Oil Base, 


Inc., an entirely independ 


OIL BASE, INC. 


P. O. Box 3735 Terminal Annex, Los Angeles 54, Calif. 
OKLAHOMA CITY HOUSTON 


xxi 
Another with 
of Increased Production Cc 
OIL BASE DRILLING FLUID | 
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ROGERS- 


D omedstic 
NATIONAL STANDARD BLDG. 
HOUSTON 2, TEXAS 
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Seismograph Equipment 
Manufactured by 


NORTH AMERICAN 


This equipment as well as the Portable Gravity Meter, 
other geophysical apparatus and precision equipment is 
manufactured in our own Laboratories. 


REFLECTION SEISMOGRAPH 
UNITS 


This complete 16 channel, dual recording unit is mounted in a 
special stainless steel body, having two power driven cable 
reels, completely wired, tested and ready for field service. 
Amplifiers have full, automatic amplitude control and complete 
rejection of 60 cycle power line interference. It has inverse feed 
back filters, 6 filter settings controlled by selector switch on 
instrument panel, which makes it possible to obtain any 6 filter 
curves. Interchangeable plug-in type filter units make it possible 
to readily change complete system of filter curves. Dual output 
is available, providing for mixed and unmixed recording simul- 
taneously. Light weight seismometers are furnished with either 
fluid or electro-magnetic damping. 


PORTABLE CABLE REEL 


This light-weight reel, designed for use in areas inacces- 
sible by truck, carries 1200 feet of cable and is worn on 
the back or chest. When laying cable it is worn on the 
back, the cable unreeling as the operator walks along. 
When reeling in, it is worn on the chest, and the cable 
wound on the drum by the crank as the operator walks 
along. Wide web belting assures comfortable fit. The 
complete reel weighs only 5 pounds. Weight with 1200 
feet of tapered seismograph cable is only 23 pounds. 
The reel is available with or without cable. 


NORTH AMERICAN GEOPHYSICAL COMPANY 


Manufacturers of Geophysical Apparatus and Precision Equipment 
2627 Westheimer Rd. Keystone 3-7408 
Houston 6, Texas 
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® Oscillograph Recorders—6, 12, 
18, and 24 channels. 


@ Truck Mounted Seismic Reflection 
Equipment. 


@ Portable Refraction and Reflection 
Equipment. 


©@ Complete Seismic Recording Trucks. 
® Seismic Amplifiers. 

Seismic Galvanometers. 

® Geophones. 


For complete information write— 


HEILAND dependable seismic equtpment 


moe N V R 
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Checks and 
Double Checks 


The 
E-C Inclinometer 


is not only self-checking, but can 
double check at the same time. 


Call us to discuss your well surveying problem. 


SPERRY-SUN WELL SURVEYING COMPANY 


Offices: Philadelphia, Pa.; Houston, Corpus Christi, Falfurrias, Marshall, Odessa, Texas; 


Lafayette, La.; Long Beach, Bakersfield, Calif.; Oklahoma City, Okia.; Moulden Oil 


Field Services, Casper, Wyo. 
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Sign Your Name to Petroleum’s New National 


Campaign 


— 


@ Send for NEW FREE Plan Book. To 
help you tie-in and benefit locally from 
this extensive national advertising cam- 
paign, a detailed Plan Book has been pre- 
pared for your use. 

It offers FREE mats of seven different 
newspaper campaigns, display material, 


radio scripts, envelope stuffers—a wealth 
of promotional material which can be used 
by your firm. Send for your Free Plan Book 
now! Write to: Public Relations Operating 
Committee, Dept. 1G, American Petro- 
leum Institute, 670 Fifth Avenue, New 
York 19, N. Y. 


Nt 
| 
#3 Ad Rival, | | 
1.280.000 peopie competing 
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The shaded counties on the above map show 
where National crews have conducted seismic sur- 
veys in the past. 


COMPANY INC. This vast amount of previous experience permits 
DALLAS + TEKAS , us to offer competent crews with specialized equip- 


ment and techniques for solving the wide variety 


of geological problems and field conditions which 


8800 LEMMON AVE. are encountered in this area. 


This is the third of a series of experience maps which will show where National has conducted seismic surveys 


in various regions of the country. 


xlii 
y 
wh 
SOUTHEASTERN REGION 
(yer 500 Crew Months in This Area! 


/ 
mxX 
DEPENDABLE GRAVITY 
SURVEYS 


/ 
/ 
/ [3 Tes MORE than twenty years we have 


been making and interpreting gravity sur- 


veys in most of the petroleum provinces 


of the world .. . localizing structural areas. 


\ 


GRAVITY METER 


EXPLORATION CO. 
W. G. SAVILLE - -A.C. PAGAN - geophysicists 


\ Esperson Building, Houston, Texas 


/ / | \ \ 
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GEOPHYSICAL SURVEYS 
UNIVERSAL EXPLORATION COMPANY 


2044 Richmond Road 


HOUSTON 6, TEXAS 
Paul Charrin, Pres. — John Gilmore, V.P. — C. C. Hinson, V.P. 


THE GEOTECHNICAL CORPORATION 


Roland F. Beers 
President 


P.O. Box 7166 


D4-3947 Dallas, Texas 


GEOLOGY OF THE BARCO CONCESSION 
REPUBLIC OF COLOMBIA, SOUTH AMERICA - 


BY 
FRANK B, NOTESTEIN, CARL W. HUBMAN AND JAMES W. BOWLER 
(PUBLISHED WITH THE PERMISSION OF THE COLOMBIAN PETROLEUM COMPANY) 


@ This is a separate ('‘reprint'') from The Bulletin of the Geological Society of America, October, 1944 


@ 5! pages, 4 full-tone plates 
@ 10 columnar sections and stratigrahpic correlation charts, | structural contour map, | water analysis chart 


@ Geological map and 2 cross sections in colors (folded insert, approx, 15 x 30 inches) 
PRICE, 50 CENTS, POSTPAID 
Order from 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 


1947 Printing 
POSSIBLE FUTURE OIL PROVINCES 
OF THE UNITED STATES AND CANADA 


A symposium conducted by the Research Committee of The American Association of Petroleum 
chairman, Papers read at the Twenty-sixth Annual Meeting of the Associa- 


Geologists, A. I. Levorsen, 
tion, at Houston, Texas, April 1, 1941, and reprinted from the Association Bulletin, August 1941. 
Edited by A. I. LEVORSEN 


154 pages 83 illus, Price, $1.50 Postpaid 
($1.00 to A.A.P.G. members and associate members) 


AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
Box 979, Tulsa 1, Oklahoma 


— 


Laying rectified photographs 
to assemble a closely controlled 
Fairchild photomap or mosaic 


planned approach 


means useful maps 


FIRST THINGS FIRST. The survey will be practical 
and economical only if the preliminary plan is 
right. Good planning means balancing the kind 
of map with the requirements of the project at 
hand. This is a Fairchild service that will save 
you money. It’s a service that makes full use of 
the simpler and better ways of doing a job. 


EXPERIENCE IS WHAT COUNTS—experience in the 
complexities of aerial photogrammetry—experi- 
ence in developing the right plan where it’s 
needed. Fairchild has that experience. Fairchild 
clients have expressed much satisfaction with the 


..- for better management and engineering 


way in which Fairchild engineers have organized 
and conducted their surveys. 


WHEN PLANNING A SURVEY, use the Fairchild pre- 
liminary consultation service, for which there is 
no fee. 


Since 1920, Fairchild has served clients the world over 
. . . conducting domestic and expeditionary aerial sur- 
veys in the fields of: 


Petroleum Highways Taxation 
Mining Railroads Harbors 
Geology Traffic Flood Control 
Forestry Utilities City Planning 
Water Ways Pipe Lines Legal Evidence 


AERIAL SURVEYS, INC. 


224 EAST ELEVENTH STREET, LOS ANGELES 15, CALIFORNIA ¢ 21-21 FORTY-FIRST AVENUE, LONG ISLAND CITY 1, N.Y. 


Aw 
Comme and Pedblec Works 
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Can our foreign OIL interests 
supply America’s need? 


Here is a thoroughly revealing report on American 
oil operations abroad—combining the romantic history 
of oil field development with a complete, factual sur- 
vey of the extent and scope of American petroleum in- 
vestment and activities in foreign countries. The book 
traces carefully the entire history of American foreign 
oil development, describing financial, political, and pro- 
duction factors; the varied complexities of the Ameri- 
can position; economic and other advantages to our- 
selves and foreign nationals. New and practical insight 
into the world oil situation is provided through the 
keen and frank analysis of every factor affecting the 
American outlook in foreign oil. 


Just Out 


AMERICAN 
OIL OPERATIONS ABROAD 


BY LEONARD M. FANNING 


270 pages, 5142 x 8, 246 photographs, 76 tables 
24 charts and graphs, $5.00 


This book provides you with a complete 
account of American oil investments and op- 
erations in foreign countries—from a de- 
tailed picture of the hardships and prob- 
lems of oil development in faraway lands 
to the pertinent facts that set the important 
implications of the present-day international 
oil picture in bold relief. All areas in both 
hemispheres where American oil companies 
have sent men and equipment are thoroughly 
described, and the advantages offered by 
each are completely analyzed. 


The book thoroughly describes the unique 
problems involved in foreign oil development 
—the political and economic hazards, na- 
tionalism in various countries, international 
competition, cartels, confiscation, physical 
and financial risks, etc. 

Scores of tables and charts present a vast 
array of invaluable facts and figures cover- 
ing every aspect of American foreign oil 
investments, production, share in total oil 
production, reserves, producing equipment, 
etc. 


Mail order with check to 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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S. E. C. 


l/ 
Servic nterpretation 


STATES EXPLORATION COMPANY 


GRAVITY METER SURVEYS 


SHERMAN, TEXAS, U.S.A. 


TO: THE OWNERS AND OPERATORS 
OF OIL COMPANIES 


Gentlemen: 

From the beginning we have operated on the premise that your 
primary purpose in the conduct of geophysical surveys is to SAVE 
money or MAKE money; 

YOU SAVE by 
1. Not buying 
2. Not holding 
YOU MAKE by 
1. Buying in the right place 
2. Drilling in the right place 

To this end our gravimeter field surveys are carefully conducted 
and the interpretation of data made in close harmony with YOUR 
GEOLOGISTS. 

Very truly yours, 


HLS shk 


| 
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1926 
1928 
1929 
1929 
1931 
1933 
1934 
1935 
1936 
1936 
1936 
1938 
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COMPREHENSIVE INDEX 


OF THE PUBLICATIONS OF 
THE AMERICAN ASSOCIATION OF PETROLEUM 
GEOLOGISTS 


1917-1945 
By DAISY WINIFRED HEATH 


A.A.P.G. PUBLICATIONS INDEXED 


1917-1945 The Bulletin, Vol. 1 (1917)-Vol. 29 (1945) 


Geology of Salt Dome Oil Fields 

Theory of Continental Drift 

Structure of Typical American Oil Fields, Vol. 1 
Structure of Typical American Oil Fields, Vol. 2 
Stratigraphy of Plains of Southern Alberta 

Geology of California 

Problems of Petroleum Geology 

Geology of Natural Gas 

Geology of the Tampico Region, Mexico 

Gulf Coast Oil Fields 

Structural Evolution of Southern California 

Miocene Stratigraphy of California 

Recent Marine Sediments 

Possible Future Oil Provinces of the United States and Canada 
Stratigraphic Type Oil Fields 

Permian of West Texas and Southeastern New Mexico 
Source Beds of Petroleum 


@ 603 pages, 6.75 x 9.5 inches 
@ Bound in green Buckram; stamped in art gold 


PRICE, $4.00, POSTPAID 


TO MEMBERS AND ASSOCIATES, $3.00 


THE AMERICAN ASSOCIATION OF PETROLEUM 


GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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Run a comparative test. Compare the 
REED “‘Kor-King” with any other core drill and 
standardize on the one that gives the best results. 


Many of our best customers have 
standardized on REED “Kor-King” 
CORE DRILLS only after making 
careful performance comparisons. 
Their comparisons have shown to 
their complete satisfaction, that 
REED “Kor-Kings” consistently get a 
higher percentage recovery of 


good cores. 


Other reasons for this preference 
are the long life and fast drilling 


action of Reed cutter heads, the 


simple, rugged construction of “Kor- 
King” core barrels, and the easily 
replaceable oil resistant core barrel 


bearings. 


Use a Reed “Kor-King” on your next 
coring job. Keep records. Compare 
percentage recovery, core quality, 
and cutter head peformance. You 
will see for yourself why Reed “Kor- 
King” core drills are the preference 


of leading operators — all over the 


world. 


REED ROLLER BIT COMPANY 


P. O. BOX 2119 


HOUSTON 1, TEXAS 


LONDON: 59 Wool Exchange, Coleman St., London E.C.2, England 
NEW YORK: 1836 RCA Building, New York 20, New York 
ARGENTINA: Avenida Presidente Roque, Saenz Pena 1124, Buenos Aires, Argentina 


Gulf Coast, Mid-Continent and Rocky Mountain Distributor for Martin-Decker Products 
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